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 Discrete (mm- to m-scale) mylonitic shear zones in the northeastern Harquahala 
metamorphic core complex, Arizona, show evidence of fluid-mineral interactions 
catalyzing deformation and metamorphism.   Many contain a deformed central epidote 
vein with adjacent bleached haloes and flanking paired shear zones that indicate 
significant fluid-rock interaction during deformation. An integration of structural and 
geochemical methods was employed to understand timing, metamorphic conditions, and 
physiochemical processes responsible for producing the discrete shear zones. Field and 
microstructural evidence suggest the zones initiated on antecedent fractures. Electron 
backscatter diffraction (EBSD) analyses show a significant coaxial contribution to the 
shear, and quartz deformation predominately by prism <a> slip, along with some rhomb 
<a> slip, suggesting amphibolite-facies conditions during shearing.  Fourier Transform 
Infrared spectroscopy analyses of quartz reveal higher water contents within shear zones 
 ix 
than within country rocks, indicating fluid infiltration synchronous with shearing. Stable 
isotope analyses of quartz and feldspar from mylonites are consistent with an igneous or 
metamorphic fluid origin.  
Microstructural observations suggest that the zone morphology with epidote 
veins, bleached haloes, and flanking discrete paired shear zones was developed 
predominantly from reaction softening mechanisms. The increase in deformation from 
bleached rock to flanking shear zones is marked by progressive modal increases in biotite 
and myrmekite, and modal decreases in K-feldspar, and locally epidote and titanite.  
Myrmekitic textures recrystallized readily and resulted in progressively greater grain size 
reduction of feldspar, which aided in the progressive alignment and linkage of the biotite 
grains, which together concentrated the deformation in bands. Volume reduction resulting 
from some of the metamorphic reactions may have led to a positive feedback cycle 
among fluid infiltration, metamorphism and deformation. U-Pb isotope analyses of syn-
metamorphic titanite yield an age of ~70 Ma, suggesting the shear zones formed during 
cooling of the Late Cretaceous (75.5±1.3 Ma) Brown’s Canyon pluton, consistent with 
their top-to-the-southwest sense of shear, rather than during top-to-the-northeast directed 
Miocene metamorphic core complex exhumation.   
Petrography, EBSD analyses, and U-Pb dating of titanite from other (non-
discrete) mylonites in the area imply most formed synchronously with the discrete shear 
zone mylonites.  Only rare, scattered mylonites show features consistent with 
metamorphic core complex exhumation. 
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Chapter 1:  Introduction and Background 
1.1 INTRODUCTION 
The Harquahala Mountains exemplify a unique structural setting in which two 
very different tectonic domains spatially overlap (e.g., Richard, 1988; Spencer and 
Reynolds, 1990).  The Harquahala Mountains form the easternmost range of the Late 
Cretaceous east-trending Maria Fold and Thrust Belt (MFTB), and form the southernmost 
metamorphic core complex (MCC) of the mid-Tertiary southeast-trending lower 
Colorado River extensional corridor, a region where large-magnitude extension was 
accommodated by the transport of middle crustal rocks to shallower levels along large 
low-angle normal faults (i.e., detachment faults; Figures 1.1, 1.2).  The MCC footwall in 
the northeastern part of the Harquahala Mountains exposes the structurally deepest rocks 
of the range and is host to numerous sets of mylonitic shear zones that are anomalous in 
appearance, distribution, and kinematic history to both MFTB-style and MCC-style shear 
zones in the region.  These shear zones overprint a penetratively deformed gneissic fabric 
that is similar to that exposed in many other MCC footwalls in Arizona and California 
(Richard, 1988).  The shear zones are particularly well developed in the Stone Corral area 
of the Harquahala MCC (Figures 1.3-1.5).   
The mylonitic fabrics in this area dip moderately to steeply south, have well-
developed southwest-trending stretching lineations, display predominantly top-to-the-
southwest senses of shear, and are composed of porphyroclasts in fine grained matrixes.  
Many mylonites are localized in discrete mm- to cm-scale zones (Figures 1.4, 1.5).  
These characteristics differ from the shear zones associated with the MFTB, which are 
spatially related to thrust faults, have a marked schistosity, weak lineation, top-to-the-
south sense of shear, and a pronounced granoblastic texture (Richard et al., 1990).  They 
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also differ from the shear zones associated with the Miocene MCCs, which are gently 
dipping, display a top-to-the-northeast sense of shear, and cover large kilometer-scale 
expanses of rock.  In contrast to the Harquahala shear zones, discrete mm- to cm-scale 
shear zones in other MCCs tend to be isolated in areas near the detachment faults, having 
formed during the late, cooler periods of detachment faulting. 
Despite these differences, the shear zones in the Harquahala MCC have been 
interpreted to have formed during Miocene MCC deformation, beginning with 
mylonitization in the few hundred meter thick Stone Corral ridge shear zone, and 
continuing with progressively more localized deformation into the very discrete (mm- to 
cm-scale) shear zones as the footwall was exhumed to shallower crustal levels (Richard 
et al., 1990).  The uniqueness of the Harquahala shear zones relative to the shear zones of 
other MCCs has been attributed to the location of the Harquahala Mountains as the 
southernmost MCC in the Colorado River extensional corridor.  At this border position, 
the Harquahala Mountains could have served as a transfer zone, in which extension was 
transferred from the middle crustal detachment fault system associated with the MCCs to 
a more distributed upper crustal system defined by multiple small and widespread normal 
faults in the hanging wall mountain ranges to the south and southeast (Richard et al., 
1990).  The anomalous shear zones, therefore, may be transitional between the broad, 
gently dipping, brittle-ductile style of mid-crustal MCC footwall deformation and the 
more distributed, steeply dipping, brittle style of upper crustal deformation characteristic 
of the bordering hanging wall mountain ranges.   
However, seismic imaging of western Arizona has revealed that the MCC 
footwall deformation fabrics that are exposed in the northeastern Harquahala MCC 
continue into the subsurface beneath the mountains to the south, and then resurface again 
in the White Tank metamorphic core complex, which is outside the limits of the Colorado 
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River extensional corridor (Reynolds et al., 1994).   Subsurface MCC-type fabrics seem 
to be regionally extensive as the mylonitic MCC fabrics exposed in the Buckskin-
Rawhide, Harcuvar, and White Tank core complexes also continue into the subsurface.  
In some areas, the subsurface fabrics form elongate domes that may represent incipient 
MCC-type structures (Kruger et al., 2006).  These data suggest that the Harquahala MCC 
does not mark the termination of the mid-crustal MCC-type extensional system but 
instead is simply the last exposure of the system in the Colorado River extensional 
corridor.  In light of this seismic data, the transfer zone hypothesis and the origin of the 
anomalous shear zones need to be reevaluated.        
In addition to the uncertain tectonic origin of the anomalous shear zones in the 
Harquahala Mountains, the physical and chemical processes that resulted in the 
localization of shear in discrete zones within relatively homogeneous granite are also 
unknown.  Several different strain softening processes may be active during the 
formation of shear zones in general, including changes in deformation mechanisms, 
geometric softening (i.e., grain rotation and lattice reorientation for easy slip), continuous 
recrystallization, reaction softening, chemical softening, pore fluid effects, and shear 
heating (White et al., 1980).  Many of these processes potentially may have interacted to 
form the shear zones in the Harquahala MCC.   
Additionally, the presence of antecedent fractures may also have been an 
important control on shear zone development.  Fractures may serve as weak planes that 
may be reactivated to accommodate further deformation.  Mancktelow and Pennacchioni 
(2005) described discrete shear zones in the Tauern window of the eastern Alps that 
formed through the reactivation of older fractures.  Many of these Alpine shear zones 
contain deformed central epidote veins surrounded by bleached haloes and flanking 
paired shear zones, which are very similar in appearance to some of the discrete shear 
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zones in the Harquahala MCC (Figure 1.5).  The physical and chemical processes that 
resulted in the formation of the Harquahala shear zones into discrete zones, including the 
possible significance of antecedent fractures, are addressed in this thesis.  
1.2 GEOLOGIC SETTING 
The rocks of the Harquahala Mountains record an extremely long and 
complicated geologic history, with multiple stages of deformation and metamorphism 
spanning from the Precambrian through the Tertiary (Richard, 1988).  Most of the earlier 
events have not been thoroughly studied in this particular range, and the details are in 
many cases poorly understood.  The events active during the Cretaceous and Tertiary, 
however, have received much attention in recent decades (e.g., Hardy, 1984; Richard, 
1988; Reynolds et al., 1988; Richard et al., 1990; Liviccari and Geissman, 2001).  The 
three major deformation events that occurred during this time and the metamorphism 
associated with each of them are described below. 
1.2.1 Late Jurassic-Cretaceous MFTB Deformation 
The Maria Fold and Thrust Belt is composed of a band of mountain ranges 
trending approximately east-west across southeastern California and western Arizona 
(Figure 1.1).  The mountain ranges are generally characterized by thick skinned 
deformation with thrust faults emplacing Precambrian rocks on Paleozoic and Mesozoic 
sections (see Spencer and Reynolds, 1990 for a review).  The belt is also characterized by 
extensive folding, and the majority of the deformation tends to be south-vergent.   
In the Harquahala Mountains, the Harquahala thrust system records a minimum of 
16 kilometers of south-vergent slip (Richard, 1988).  The timing of the deformation is 
poorly constrained between 160 to 69 Ma.  The rocks in the range experienced gradually 
greater burial depths beneath the thrust from the southwest to the northeast, which 
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resulted in higher metamorphic temperatures and pressures in the northeastern part of the 
range.  Peak metamorphism was static, occurring after movement on the thrust system 
ended.  The metamorphic mineral assemblage of garnet, staurolite, and kyanite in the 
structurally deepest rocks in the range specify metamorphic temperatures of >500°C and 
pressures of ≥ 4.5 kbar (Richard, 1988).   
1.2.2 Late Cretaceous Gneissic Deformation  
A poorly understood stage of deformation that occurred post-MFTB-style 
contraction but pre-Miocene MCC-style extension is visible in the denuded interiors of 
several of the MCCs in Arizona, including the Buckskin-Rawhide, Harcuvar, White 
Tank, Santa Catalina-Rincon, and possibly the Coyote Mountains MCCs (Richard, 
personal comm., 2010).  A similar type of deformation is present in the Whipple 
Mountains MCC of southeastern California (Richard, 1988).  The deformation is 
typically characterized by widespread gneissic and/or migmatitic fabrics that were 
developed synchronously with the intrusion of Late Cretaceous plutons.  Upper crustal 
structures that would balance this middle crustal deformation in magnitude have not been 
identified in any area; therefore, the event may have only affected mid-crustal rocks and 
died out at shallower crustal levels (Richard, 1988).   Whether the deformation was the 
result of a late stage of contraction or an early stage of extension is unknown.  However, 
because the deformation commenced relatively soon after thrust faulting ceased, and 
because the timing of the deformation is roughly coincident to the timing of the onset of 
flat slab subduction of the underlying Farallon Plate, the deformation may very well be 
the expression of late orogenic processes, such as synconvergent extension, that operated 
in the MFTB and other mountain ranges in southern Arizona (Bykerk-Kauffman, 1990; 
Richard, 1988).   
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Abundant evidence for synconvergent extension has been recognized throughout 
the MFTB and the Cordillera of the western U.S., and is commonly attributed to 
gravitational collapse processes (Hodges and Walker, 1992, and references therein; 
Boettcher and Mosher, 1998; Wells and Hoisch, 2008).  The evidence for extension is 
found in the regional prevalence of normal-sense shear zones in the upper and middle 
crust that are of Late Cretaceous age.  The gneissic and migmatitic deformation exposed 
in the MCC footwalls may be a more distributed style of this extension at deeper levels in 
the crust.   
In the Harquahala Mountains, the deformation that resulted in the gneissic fabric 
was initiated soon after static amphibolite facies peak metamorphism occurred in the 
northeastern part of the range (Richard, 1988).  The Brown’s Canyon and Stone Corral 
granite plutons, interpreted to have originated from crustal melting of rocks at greater 
depth during post-thrust peak metamorphism, were emplaced during this time and then 
partially deformed on their margins.  The rocks of the northeastern Harquahala 
Mountains were reworked into a pervasive gneissic fabric during the deformation event, 
whereas the shallower rocks of the north-central Harquahala Mountains adopted a west- 
to southwest-dipping schistose fabric cut by several folded and boudinaged pegmatites 
associated with the Brown’s Canyon granite pluton (Richard, 1988).  Importantly, 
mylonitic shear zones related to the Late Cretaceous deformation event have not been 
identified in the north-central or northeastern parts of the range.   
Related deformation may have also been very mildly expressed in the Paleozoic 
metasedimentary rocks of the much shallower southwestern and south-central Harquahala 
Mountains (Richard, 1988).  These rocks contain a minor post-thrusting, south- to 
southwest-dipping cleavage with stretching lineations trending 030°, northeast-vergent 
folds, and minor top-to-the-north ductile shear zones (Richard, 1988).  This deformation, 
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where visible, is faint in the southwest and becomes more pronounced to the northeast, 
but cannot be absolutely correlated with the schistose and gneissic deformation in the 
north-central and northeastern part of the range.  The deformation in the southwest and 
south-central section of the range is different in nature than the deformation in the north-
central and northeastern section of the range, making the relationship between them 
unclear.  The two sections may possibly represent the responses of shallower crust and 
deeper crust, respectively, to the same deformation event (Richard, 1988).    
In the northeastern Harquahala Mountains, amphibolite-facies conditions 
persisted during this deformation event, but temperature and pressure were slightly lower 
than during static peak metamorphism (Richard, 1988).  Two-feldspar geothermometry 
and phengite geobarometry performed on metamorphosed Harquahala granite and 
Brown’s Canyon granite yielded temperatures and pressures between 470-570 °C and 3-4 
kbar, respectively (Richard, 1988).  The association of the growth of actinolitic 
hornblende across some of the fabric is also consistent with amphibolite-facies conditions 
(Richard, 1988).  The age of post-thrust deformation and amphibolite facies 
metamorphism is estimated at ~69-72 Ma by 40Ar/39Ar age dating of hornblende in 
Brown’s Canyon granite in the northeastern part of the range and of Proterozoic 
amphibolite in the central part of the range (Richard, 1988).   
1.2.3 Miocene MCC Deformation 
The MCCs of the lower Colorado River extensional corridor include the Whipple 
Mountains of southeastern California and the Buckskin-Rawhide, Harcuvar, and 
Harquahala Mountains of west-central Arizona (Figure 1.1).  These MCCs are considered 
to be associated with one master detachment fault system, and therefore share a broadly 
similar kinematic history (Spencer and Reynolds, 1990).  In the Harquahala Mountains, 
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detachment fault mylonitization initiated before the emplacement of Miocene dikes as 
some of these dikes crosscut mylonitized rocks below the Eagle Eye detachment fault.  
Mylonitization must have continued after dike emplacement because some of the mafic 
dikes are deformed by mylonitic shear zones (Richard et al., 1990).  One of the mafic 
dikes outside of the study area yielded a total gas 40Ar/39Ar hornblende age of ~22 Ma 
(but did not yield a plateau age; Richard et al., 1990).  Prior and Stockli (2013) have 
proposed a younger age of ~17-18 Ma for the initiation of detachment faulting on the 
basis of zircon (U-Th)/He ages. 
The temperature of mylonitization in the Harquahala MCC is estimated to have 
been between ~300-400 °C on the basis of 40Ar/39Ar dating of biotite (with a closure 
temperature of ~300-350 °C, dependent on cooling rates; McDougall and Harrison, 1999) 
in rocks from the northeastern Harquahala MCC that yielded ages ranging from ~13-20 
Ma, and 40Ar/39Ar dating of muscovite (with a closure temperature of ~350-400 °C; 
McDougall and Harrison, 1999; Harrison et al., 2009) that yielded an age of ~30 Ma 
(Richard et al., 1990).   The detachment fault was likely still active around ~16 Ma 
because movement on the Bullard section of the detachment system in the adjacent 
Harcuvar Mountains postdates K-metasomatism and mineralization dated at ~16 and ~17 
Ma.  After detachment faulting ended, extension continued and was accommodated by 
younger high angle normal faults that crosscut the detachment fault.  Extension may have 
continued through ~12-13 Ma on the basis of biotite and potassium feldspar 40Ar/39Ar 
analyses (Richard et al., 1990) and apatite (U-Th)/He analyses which yielded this age 
(Prior and Stockli, 2013).   
The Eagle Eye detachment fault is a gently dipping normal fault with an estimated 
initial dip of ~30°-40° based on 40Ar/39Ar cooling ages obtained along the projected 
length of the detachment fault (Richard, 1988; Richard et al., 1990).  This dip is also 
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supported by the restoration of tilted dikes to their originally vertical, pre-detachment 
fault orientation (Richard et al., 1990), although paleomagnetic data suggests the original 
dip may have been as shallow as ~15° (Livaccari and Geissman, 2001).  Detachment 
faulting in the Harquahala Mountains resulted in displacement of the hanging wall to the 
northeast by a minimum of 18-25 km relative to the footwall on the basis of correlation of 
separated rock units (Richard, 1988).  This displacement is much less than that estimated 
for the other ranges in the Whipple detachment system, which accommodated as much as 
50-75 km of top-to-the-northeast movement (Reynolds and Spencer, 1985; Spencer and 
Reynolds, 1991).  
1.3  PROJECT PURPOSE AND METHODS 
This study has been designed to integrate structural and geochemical techniques 
to understand the timing, metamorphic conditions, and physiochemical processes 
responsible for producing the discrete shear zones of the Stone Corral area in the 
Harquahala MCC (Figures 1.3-1.5).  Additionally, the relationship, if any, between the 
discrete shear zones and the adjacent Stone Corral ridge shear zone was also investigated.  
A variety of methods were employed in this study to pursue these goals.  Field work was 
conducted to map the spatial distribution of the shear zones in the Stone Corral area and 
to document their features.  Detailed petrographic observations were attained to examine 
the conditions of deformation and metamorphism of the country rock and shear zones, to 
determine if the shear zones represented one or several episodes of deformation, and to 
identify the strain softening processes responsible for localizing deformation in the 
discrete shear zones and for producing the morphology of zones with central epidote 
veins, bleached haloes, and flanking paired shear zones (Figure 1.5).   
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A number of different analytical methods were employed as well, including 
electron backscatter diffraction analysis of quartz to determine the type of shear (coaxial 
vs. non-coaxial), the sense of shear, and the slip systems active during deformation.  
Fourier Transform Infrared spectroscopy of intragranular quartz was performed to 
examine if water was present during deformation. Stable isotope analysis of quartz, 
feldspar, and epidote was utilized to determine the sources of fluids that may have been 
present during deformation.  U-Pb isotope analysis of zircon was undertaken to determine 
the age of the Brown’s Canyon pluton, which hosts many of the shear zones, and U-Pb 
isotope analysis of syn-metamorphic (syn-mylonitic) titanite was undertaken to determine 











Figure 1.1: Geologic map of the lower Colorado River extensional corridor, 
southeastern California and west-central Arizona (from Singleton and 
Mosher, 2012; modified from Spencer and Reynolds, 1989). The black 
dotted line delineating the eastern portion of the MFTB is modified from 





Figure 1.2: Simplified anatomy of a metamorphic core complex in cross-sectional view 




 Figure 1.3: Geologic map of the Harquahala Mountains (from Prior and Stockli, 2013).  
The red box marks the location of the Stone Corral study area.  The 
detachment fault that exhumed the Harquahala Mountains is best exposed 
on Eagle Eye Mountain. 
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Figure 1.4: Photographs of discrete, narrow shear zones in the Stone Corral study area.  
Note the sharp boundaries between shear zones and country rocks. A-D) 
View looking down, south at top; E) Cross-sectional view facing west; F) 
Cross-sectional view facing east. Samples collected from locations: B) 














       
 
     
 
    
  
     



















Figure 1.5: (continued from previous page). Photographs of discrete shear zones with a 
central epidote vein, bleached halo, and flanking paired shear zones 
morphology. A-D) Bleached haloes and flanking paired shear zones are 
symmetric around the central vein; B, E) Central epidote veins are folded; F) 
Discrete shear zone bifurcates to the left into multiple shear zones, similar in 
appearance to a fracture splay. This shear zone does not maintain thickness 
along strike; G) Central epidote vein crosscuts the foliation in the bleached 
halo; H) Bleached halo and flanking shear zone are only well developed 
above the vein; the vein crosscuts the country rock foliation below. Samples 
collected from locations: A) HQ-C; D) HAR-56; E-F) SCM-51; compare to 
hand sample in Figure 2.13B; G) HAR-16; compare to hand sample in 






Chapter 2:  Field Work and Basic Structural Analysis 
The ~1 km2 Stone Corral study area, located in the northeastern end of the 
Harquahala Mountains, exposes numerous shear zones previously interpreted to have 
developed during Miocene metamorphic core complex exhumation (Richard et al., 1990).  
The most pronounced structural feature in the study area is the Stone Corral ridge shear 
zone, which is several hundred meters wide and is exposed along the northern face of 
Stone Corral ridge (Figures 2.1, 2.2), a large hill in the southern part of the area that is 
adjacent to Stone Corral mountain, a larger hill to the west that was informally named by 
Richard (1988).  The discrete (mm- to m-scale) shear zones that are the primary focus of 
this study are exposed in a long narrow wash that trends eastward in the northern part of 
the study area and north-northeastward in the western part of the study area (Figure 2.1).  
Additionally, isolated ~0.5-1 m thick shear zones are located south of the Stone Corral 
ridge shear zone near the crest of Stone Corral ridge (Figures 2.1, 2.2). All the shear 
zones in the study area cut the S-type Late Cretaceous Brown’s Canyon granite and Stone 
Corral granite, which intruded Proterozoic granite (Figure 1.3).  Some of the Proterozoic 
granite may be interleaved with the Stone Corral granite within the study area (Richard, 
1988; Richard et al., 1990), but the units are not decipherable in the field.   
This chapter presents the results of the field portion of the study, including 
description of the country rocks and the different shear zones in the study area.  In this 
thesis, the term “country rock” refers to the commonly foliated Late Cretaceous Brown’s 
Canyon granite and Stone Corral granite that host the numerous shear zones in the study 
area. The discrete shear zones exposed in the wash in the northern part of the study area 
were studied in more detail.  To test the hypothesis that the discrete shear zones initiated 
on antecedent fractures, detailed measurements were made on the thicknesses of the 
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discrete shear zones and the spacing between the shear zones so that fracture spacing 
analyses could be performed. 
2.1 METHODS 
Basic geological mapping in the Stone Corral area of the Harquahala Mountains 
was conducted at three different sites in the study area (Figure 2.1).  One site was mapped 
at a 1:2,000 scale over an area of ~385 m x 470 m that encompasses a portion of the 
major (few hundred meters thick) Stone Corral ridge shear zone (Figure 2.2).  The other 
two sites were mapped at a 1:200 scale in two small areas of the wash at the base of 
Stone Corral ridge (Figures 2.3, 2.4).  One of these areas is located within the 1:2,000 
map area, and the other is located farther to the east (Figure 2.1).  These two areas 
provide the best exposure of the discrete shear zones, which are not well exposed outside 
of the wash.  Cross-sections were constructed from the map data to document the spatial 
arrangements and geometry of the discrete shear zones in these two areas (Figure 2.5).  
Orientation, length, and thickness measurements were also collected from all the shear 
zones exposed in the wash between the two mapped areas, but because of the extreme 
length to width ratio of the wash, the maps were not extended to include the data.  A total 
of thirty-nine samples of mylonite and country rock were collected from across the study 
area (Tables 2.1, 2.2); nearly all of the samples were oriented.  Three additional mylonite 
samples were collected from the Eagle Eye detachment fault at Eagle Eye Mountain for 
comparison (Figure 1.3, Table 2.2). 
To accurately determine the spacing between the discrete shear zones, 
measurements were collected across two transects perpendicular to the average strikes of 
the shear zones in the 1:200 scale mapped areas (Figures 2.3, 2.4).  For each transect, a 
measuring tape was laid out across the study areas at a bearing of ~175° and the strike, 
 18 
dip, and thickness of each shear zone were measured where the shear zones intersected 
the measuring tape (Figure 2.6).  The spacing between the shear zones was also measured 
along the two transects.  Detailed descriptions of each shear zone and the exposed lengths 
of the shear zones were also documented.   
2.2 FIELD WORK RESULTS 
2.2.1 Country Rock 
The foliation in the country rock north of (and structurally below) the Stone 
Corral ridge shear zone differs in orientation from the country rock south of (and 
structurally above) the shear zone (Figure 2.7A).  The country rock north of the shear 
zone has undergone more intense deformation, characterized by a moderate gneissic 
texture, which is locally protomylonitic, with feldspar porphyroclast-rich layers 
alternating with thin biotite-rich bands.  In most areas this foliation is subhorizontal, but 
very subtle broad, undulating folds are present locally.  A lineation is present on many 
outcrops but is typically subtle.  In some places the lineation seems to be a mineral 
lineation, defined by slightly aligned mafic minerals, but at other places it seems to be a 
faint quartz stretching lineation.   Both types of lineations generally trend to the northeast 
or southwest and are gently plunging.  Some lineations, however, trend to the northwest 
and a single lineation trends to the southeast (Figure 2.7A).    
The country rock south of the Stone Corral ridge shear zone lacks the 
subhorizontal gneissic texture of the country rock to the north.  Aligned biotite in the rock 
defines a weak to moderate foliation in some outcrops, the intensity of which varies from 
outcrop to outcrop.  The foliated rock generally grades into rock that appears to be 
undeformed farther to the south. The foliation in the rocks dips moderately southwest 
(Figure 2.7A). 
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2.2.2 Mylonitic Shear Zones 
Several different types of mylonitic shear zones are present in the field area 
(Figures 1.4, 1.5, 2.8-2.10).  In the northern part of the study area (north of the Stone 
Corral ridge shear zone), a few distinct types of shear zones are present.  The discrete 
(mm- to m-scale) shear zones that are the main focus of this study are variably affected 
by bleaching and veining (Figures 1.4, 1.5, 2.9, 2.10).  One atypical shear zone, located in 
the western 1:200 map area, is similar to many of the other discrete shear zones in style 
but has a very different orientation (Figure 2.3, from which sample SCM-4 was 
collected).  Another type of shear zone present in the northern part of the study area 
forms thin (~1 mm) mylonitic veneers on fractured surfaces (Figure 2.8A-C).  In the 
Stone Corral ridge shear zone, the mylonitization is continuous across the entire zone but 
varies in intensity (Figure 2.8D-E).  In the southern part of the study area (south of the 
Stone Corral ridge shear zone), isolated ~0.5-1 meter-thick shear zones are present along 
the crest of Stone Corral ridge (Figures 2.1, 2.2, 2.8F).  The field characteristics of these 
different sets of mylonites are discussed in detail, beginning with the mylonites in the 
northern part of the study area and continuing southward. 
2.2.2.1 Discrete mylonitic shear zones 
The discrete millimeter- to centimeter-scale (and more rarely, meter-scale) shear 
zones in the northern part of the study area comprise numerous subparallel sets that are 
exposed in the wash at the base of Stone Corral ridge.  The shear zones dip moderately to 
steeply south-southeast (Figure 2.11A). The mylonites contain well-defined stretching 
lineations that plunge moderately southwest.  Some display feldspar σ-type 
porphyroclasts that indicate a top-to-the-southwest sense of shear (Figure 2.12).  The 
boundary between the individual shear zones and the country rock generally appears 
sharp, and in many areas, the country rock foliation is visibly reoriented into parallelism 
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with the shear zone boundary over a distance of only millimeters or a few centimeters 
(Figures 1.5B, 2.9A-C, 2.12B).  The reorientation of the foliation into the shear zones 
along with the obliquity between the shear zone foliation and the shear zone boundary are 
the most widespread and reliable shear sense indicators at the outcrop scale, and indicate 
a top-to-the-southwest sense of shear (Figure 2.12B). 
The shear zones range in thickness from a few millimeters to over a meter (Figure 
2.13).  The lengths of most of the shear zones cannot be traced to their terminations 
because of lack of exposure.  A few of the smaller shear zones become non-mylonitized 
fractures along strike (Figure 2.4).  Some of the shear zones can be followed along strike 
for tens of meters across several outcrops before losing exposure.   
Many of the discrete zones in the area have been affected by bleaching and appear 
starkly white against the country rock (Figures 1.5, 2.10).   In a small number of these 
zones, the bleached rock appears to be sheared and has no visible association with veins 
or central fractures.  However, the bleached rock more commonly occurs as a less 
deformed halo around an epidote or quartz-epidote vein.  Many of the epidote veins are 
also deformed, appearing broken, boudinaged, or folded (Figures 1.5B, E, 2.9D-F). 
Discrete zones with the bleached halo morphology typically also display flanking 
paired mylonitic or ultramylonitic shear zones (Figure 1.5).  In the small, poorly 
developed discrete zones in the area, the flanking zones are not penetratively mylonitized, 
but are characterized by biotite-lined shear bands crosscutting an older foliation.  The 
closely spaced biotite bands parallel the bleached halo and vein (Figure 1.5A, H), and 
many of these small-scale zones may even lack a central vein (Figure 2.10A).   
In some of the shear zones, the bleached haloes are symmetric about the central 
veins, whereas in others, the haloes exhibit a highly asymmetric pattern (Figure 1.5).  
Whereas shearing is generally most intense outside the border of the bleached halo 
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(typically in the form of flanking paired shear zones), in some cases, shear is most intense 
in rock that is wedged in the central fractured area (Figure 2.10B-C).  In rare cases, no 
clear single boundary separates the bleached rock from the sheared rock as the bleaching 
and shearing overlap irregularly (Figure 2.10D).  In some places, the fine-grained 
ultramylonitic flanking shear zones appear to be partially bleached as well (Fig. 2.14A).  
When rock samples of the shear zones are cut perpendicular to foliation and sub-parallel 
to lineation, the boundary between the bleached zones and the flanking paired shear 
zones looks much less sharp than in the field, with the bleached rock becoming 
progressively more intermixed with biotite-rich layers from the vein outward (Fig. 2.14B-
C).   
2.2.2.2 Atypical discrete mylonitic shear zone 
A sole discrete mylonitic shear zone is present in the northern part of the study 
area that is oriented 128°, 60° southwest (Figures 2.3, 2.11A).  The mylonite contains a 
stretching lineation that trends 253° and plunges 60°.  The shear zone is 4 cm at its 
thickest section and includes a 1 cm thick quartz vein at one margin.  The vein loses 
exposure as it is covered by alluvium in both directions along strike.  The relationship of 
this shear zone to the other shear zones in the area is not clear.  This shear zone is similar 
in style to the other discrete shear zones but cuts through the country rock at a very 
different orientation. 
2.2.2.3 Mylonitized veneers on fractured surfaces 
In several outcrops throughout the wash at the base of Stone Corral ridge, but 
particularly in the northeastern part of the study area, fractured surfaces contain an 
extremely thin (~1 mm) veneer of mylonite upon them (Figure 2.8A-C).  These surfaces 
dip ~35° E-NE (Figure 2.11B).  The thin mylonitized veneers do not continue into 
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neighboring outcrops and do not seem to represent through-going shear zones.  These 
shear zones are, therefore, very different in both style and orientation than the other more 
common discrete shear zones in the area, but share a similar strike to the sole atypical 
shear zone described in the previous section.    
2.2.2.4 The Stone Corral ridge shear zone 
The Stone Corral ridge shear zone varies in apparent thickness along strike from 
~125 meters in the eastern part of the study area to ~400 meters in the western part of the 
study area (Figures 2.1, 2.2).  Rock exposure is not continuous in the shear zone as many 
portions of the shear zone are covered in rubble and colluvium.  Overall, mylonitic 
foliation in the shear zone dips S to SW, and mylonitic lineations plunge variably from 
5°-33° S-SW (Figure 2.11C).  Rocks within the shear zone vary from protomylonites to 
ultramylonites (Figure 2.8D-E).  The southern and northern boundaries of the shear zone 
are diffuse, grading into protomylonite and then to foliated country rock.  The sense of 
shear in most of the outcrops is ambiguous, but some of the outcrops at the base of the 
shear zone (i.e., the northern boundary) contain very clear top-to-the-southwest σ-type 
feldspar porphyroclasts. 
2.2.2.5 Isolated mylonitic shear zones 
A few outcrops of non-deformed or slightly foliated granite in the southern part of 
the study area contain discrete mylonitic shear zones ~0.5-1 meter thick (Figures 2.1, 2.2, 
2.8F).   The shear zones have shallow to moderate SW to NW dips (Figure 2.11D).  The 
zones contain very well developed stretching lineations with shallow to moderate SW 
plunges.  The relationship of these shear zones to the Stone Corral ridge shear zone is not 
clear in the field.   
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2.2.3 Brittle Structures 
Extension fractures and veins are widespread throughout the study area.  A small 
number of these features were measured in the two mapped areas in the northern part of 
the study area where the discrete shear zones are located (Figures 2.3, 2.4).  Several 
different sets of fractures and veins were present in a number of different orientations 
(Figure 2.7B), likely representing multiple episodes of brittle deformation.  Some of the 
epidote veins are clearly pre- or syn-kinematic with the discrete shear zones as they are 
present within the zones and then deformed by them (Figures 1.5B, E, 2.9D-F).  Other 
epidote veins, however, crosscut the shear zones and therefore must be younger.  Shear 
fracture surfaces that display generally north-trending, gently plunging slickenlines are 
also present in the northwestern part of the study area (Figure 2.7C).  Some of these 
striated surfaces are coated by epidote.  Much more orientation data would need to be 
collected to discern amongst the differing sets of fractures and their relationships to each 
other.   
2.3 FRACTURE SPACING ANALYSIS 
In the field, the discrete shear zones are very narrowly defined and locally 
represent thin layers of mylonite on extension fracture surfaces. These observations 
suggest that the zones may form a similar pattern as fractures.  For this reason, a fracture 
spacing analysis was conducted. 
2.3.1 Methods 
Basic fracture spacing analysis was performed on the data collected from the 
transect lines in the two areas mapped at a 1:200 scale (Figures 2.3, 2.4).  Two simple 
methodologies were used to determine if the spacing between the shear zones and the 
thicknesses of the shear zones could be related to patterns expected for fracture sets.  
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First, the coefficient of variation of fracture spacing (standard deviation divided by the 
mean of fracture spacing measurements) was determined for both study areas (after 
Gillespie et al., 1999).  This calculation was performed to determine if the spacing 
between the shear zones is random (Cv ~1), clustered (Cv > 1), or evenly spaced (Cv ~0), 
and more importantly, to see if the results were consistent between the two mapped areas 
as would be expected if the shear zones formed during the same fracturing event and by 
the same mechanisms.    
The second way of examining the significance of the spacing between the shear 
zones was to quantify how homogeneously or heterogeneously strain is accommodated in 
the fracture (i.e., shear zone) sets (Kuiper, 1960; Hooker et al., 2011).  To determine this 
for the shear zones along the two transects, the cumulative thickness (a running sum of 
the thicknesses of the shear zones from the beginning to the end of the transect line) was 
plotted against shear zone position on the transect line (Figure 2.15).  Homogeneous 
strain is represented by a line from the origin of the plot (at the position of the first 
fracture on the transect line) to the cumulative aperture value (at the position of the last 
fracture on the transect line).  The more the cumulative thickness data vary from the line, 
the more heterogeneous is the strain.  If the shear zones were evenly sized and spaced, 
they would plot on the line, whereas if the shear zones are clustered or have large 
variations in thicknesses, the data will vary from the line.  To quantify the discrepancy 
between the data and the line, V’ (variation) is used.  V’ is the sum of the absolute values 
of the maximum and minimum thickness discrepancy values from the homogeneous 
strain line divided by the cumulative thickness of the shear zones.  A V’ value of 0 would 
indicate absolute strain homogeneity whereas a V’ value of 1 would indicate that all the 
strain was accommodated by one fracture (Hooker et al., 2011).   
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2.3.2 Results 
The orientations of the shear zones, the spacing between the shear zones, and the 
thicknesses of the shear zones along the transect lines in the eastern and western mapped 
areas are presented in Tables 2.3 and 2.4.  The locations of the transect lines and cross-
sections constructed from data along the transect lines are presented in Figures 2.3-2.5.  
The coefficient of variation (Cv) for the spacing data from the two mapped areas differed 
greatly at 0.74 in the eastern mapped area (suggesting a random spacing if the shear 
zones initiated as fractures) and 2.29 in the western mapped area (suggesting a clustered 
spacing if the shear zones initiated as fractures; Table 2.5).  The V’ values for the two 
areas were more similar, with a value of 0.57 for the eastern mapped area and a value of 
0.45 for the western mapped area, suggesting that strain accommodation was not 
homogeneous.  However, the plots of the data look quite different with most of the points 
from the eastern transect line plotting above the line of homogeneous strain and most of 
the points from the western transect line plotting below the line of homogeneous strain 
(Figure 2.15).   
2.3.3 Significance and Problems 
The lack of consistency between the results of the fracture spacing analyses in the 
two mapped areas may result from a number of sampling problems within this study or 
from issues with processes involved in shear zone evolution.  The sample size was 
extremely small in both mapped areas (both in the number of transect lines measured and 
in the number of shear zones per transect line). If exposure in the field was better, so that 
more shear zones were measurable, the results may be different.  In the eastern area, a 
couple of fractures along the transect line were included that appeared to have a very 
slight amount of shear on them, but it was difficult to be sure.  Including them may have 
affected the results.  Also a few of the shear zones were not exposed sufficiently for the 
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dip to be determined, so the average dip of the two nearest shear zones was used as an 
estimate and the “true” thickness was calculated using that estimated dip and the width of 
the zone on the exposed surface.  Thus the true thickness may have been incorrect and 
affected the analysis.  Additionally, the fracture spacing analysis techniques were 
developed for opening mode fractures and not for shear zones.  A major assumption in 
using fracture analysis on shear zones that may have initiated on fractures is that the 
thicknesses of the shear zones are the same as the thicknesses of the original fracture 
apertures, which is likely not a reasonable assumption. 
2.3.4 Shear Zone Thickness Observations and Implications for Shear Zone Growth 
Two outcrops in the study area provide compelling evidence that the discrete 
shear zones have not maintained their original thicknesses.  In one outcrop, a well-
developed shear zone appears to have bifurcated into smaller shear zones along its strike 
(Figure 1.5F).  The major shear zone has the morphology defined by central epidote 
veins, a bleached halo, and flanking paired ultramylonitic shear zones.  The smaller zones 
also have this morphology, but the relationship between the haloes and the ultramylonitic 
zones is less clear and more transitional.  The thicknesses of the haloes and ultramylonitic 
zones vary along the lengths of the smaller zones.  The bifurcation may represent a 
fracture splay that underwent subsequent bleaching and shearing.  The resemblance of the 
bifurcated shear zone to a fracture splay supports the hypothesis that the discrete shear 
zones initiated on antecedent fractures. 
In the other outcrop, two clearly distinctive 3 cm thick shear zones (without veins 
or bleaching) coalesce along their strikes into one shear zone (17 cm thick).   One of the 
small shear zones strikes 085° and dips 38° S, whereas the other strikes 100° and dips 59° 
S.  Where they converge, the second shear zone takes on the orientation of the first zone.  
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Interestingly, the resultant shear zone is thicker (17 cm) than the sum of the two smaller 
zones.  This relationship suggests that the coalescence of smaller shear zones into larger 
zones may be an important mechanism for shear zone growth.  One way this could occur 
is if the rock between the smaller shear zones experienced more fluid-rock interaction 
where these shear zones were closer together than farther apart, because this rock may 
have been infiltrated by fluids from both shear zones, resulting in a greater degree of 
reaction softening and subsequent shearing (see Chapter 9 for further discussion on 
reaction softening).  Alternatively (or additionally), fracturing and shearing may be 
cyclical or coeval processes, in which the rock between the shear zones undergoes 
progressively more fracturing and subsequent shearing as bulk strain increases until the 
rock is pervasively sheared and a larger shear zone has formed (Mancktelow, 2009). 
The thicknesses of 88 discrete shear zones were measured in the field and are 
presented in Figure 2.13.  The most common shear zone thicknesses are ≤5 centimeters, 
and the majority of the shear zones are ≤40 centimeters thick.  Only two shear zones with 
thicknesses between 40 and 100 centimeters were found.  Four shear zones are 100 
centimeters thick, and three shear zones are >100 centimeters thick.  The gap in 
thicknesses between ~40-100 centimeters may be due to the coalescence of smaller shear 
zones into larger shear zones, skipping intermediate sizes.  Small zones may converge to 
form larger zones that may then converge to form considerably larger zones.  As larger 
and larger zones converge, certain intermediate thicknesses may not be attained.  Of 
course, much better exposure would be needed and much more detailed data would have 






Figure 2.1: Areal photograph of the Stone Corral study area. Locations of mapped areas 
are documented.  The boundaries of the Stone Corral ridge shear zone are 
outlined in blue. These boundaries were not mapped in detail outside of the 
area in Figure 2.2, but do extend across the entire study area.  Note the 









Figure 2.2: Geologic map at 1:2000 scale showing a portion of the Stone Corral ridge 




Figure 2.3: Geologic map at 1:200 scale showing the locations of discrete shear zones 
and the western transect line along which data was collected for fracture 




Figure 2.4: Geologic map at 1:200 scale showing the locations of discrete shear zones 
and the eastern transect line along which data was collected for fracture 
spacing analysis.  A cross-section along this line is shown in Figure 2.5.   
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Figure 2.5: Cross-sections showing orientations and relative thicknesses of discrete 
shear zones along the western and eastern transects, respectively.  The 
location of the western transect is shown in Figure 2.3 and the location of 

























Figure 2.6: Photograph of the eastern transect line looking south.  Measurements of 
shear zone thickness, shear zone orientations, and the spacing between shear 
zones were made for each shear zone intersecting the measuring tape.   
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Figure 2.7: Stereograms of structural features in non-mylonitized rocks in the study 
area. B and C show orientations for extension fractures and shear fractures, 








    
 
    
 
    
Figure 2.8: Photographs of mylonites in the field area. A-C) Thin mylonitic veneers on 
fractured surfaces; D-E) Mylonites in the Stone Corral ridge shear zone 
displaying different intensities of deformation; F) A strongly lineated 














   
 
   
 
   
Figure 2.9: Features of discrete shear zones. A-C) Foliation reoriented into parallelism 
with shear zone boundary; D-F) Deformed central epidote vein in discrete 

















     
 
     
Figure 2.10: Discrete shear zones affected by bleaching with no central veins.  A) A 
series of bleached zones with flanking paired shear zones; B-C) Sheared 
rocks wedged in fractures with bleached haloes; D) Sheared rock and 












Figure 2.11: Stereograms of structural features in mylonitized rocks in the study area. 











    
Figure 2.12: Photographs of mylonites with σ-type feldspar porphyroclasts indicating a 
top-to-the-right (SW) sense of shear. Note the deflection of the country rock 




Figure 2.13: Plot of shear zone thicknesses. 
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Figure 2.14: Photographs of discrete shear zone hand samples in cross section. Transition 
from bleached halo to flanking ultramylonite is gradual.  In A-B, the veins 
were not preserved in the samples but were present in the field below the 
bleached haloes. A) A portion of the ultramylonite is also bleached; sample 
HAR-55 in epoxy; B) The boundary between the bleached halo and 
transition zone appears sharp in hand sample, but is not visible when viewed 
in thin section. Compare to field photograph in Figure 1.5E; sample SCM-
51 in epoxy; C) The central quartz-epidote vein crosscuts a pre-existing 




















Figure 2.15: Plots of cumulative shear zone thickness vs. shear zone position for the 
western and eastern transect lines.  The shear zone position begins with the 
position of the first shear zone that intersected the transect line.  The solid 
line represents a line of homogeneous strain.  The dotted lines indicate the 
positions of Dmax and Dmin.  Dmin in the eastern transect line plot is equal to 
the line of homogeneous shear.  Plot designed after Figure 7 of Hooker et 
al., 2011. 
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Sample GPS Northing GPS Easting Category 
H2 297232 3749847 Northern country rock 
SCM-6 296565 3749610 Northern country rock 
SCM-17b 296608 3749604 Northern country rock 
SCM-48-1 297232 3749849 Northern country rock 
HQ-D 297249 3749861 Northern country rock 
B-4 296698 3749426 Southern country rock 
B-7 296729 3749350 Southern country rock 
B-28 296835 3749469 Southern country rock 
HAR-49 296571 3749620 Epidote-coated fractured surface 
HAR-50 296569 3749615 Epidote-coated fractured surface 
Table 2.1: Locations and categories of non-mylonitic samples collected from the Stone 

















Table 2.2: Locations and categories of mylonitic samples collected from the Stone 
Corral study area and from the Eagle Eye detachment fault, Eagle Eye 
Mountain.         
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Strike Dip Thickness 
(cm) 





62° 28° SE 15 0.6 0 0 
68° 34° SE 10 3.7 3.1 3.1 
67° 43° SE 3 4.6 4 0.9 
90° 43° S 120 29 28.4 24.4 
89° 50° S 4 30.5 29.9 1.5 
89° 50° S 4 30.6 30 0.1 
88° 56° S 2 36.3 35.7 5.7 
85° 48° S 6.2 36.6 36 0.3 
85° 48° S 4 36.7 36.1 0.1 
85° 48° S 2.5 36.8 36.2 0.1 
85° 48° S 2 36.9 36.3 0.1 
82° 40° SE 23 37.2 36.6 0.3 
86° 44° S 1.5 37.8 37.2 0.6 
90° 48° S 100 38.4 37.8 0.6 
Table 2.3: Shear zone measurements along the western transect line. 
 
Strike Dip Thickness 
(cm) 





80° 30° SE 35 1.9 0 0 
95° 34° S 5 3.7 1.8 1.8 
79° 29° SE 20 6.1 4.2 2.4 
83° 35° SE 5 7.3 5.4 1.2 
85° 35° S 7 10.1 8.2 2.8 
72° 38° SE 2 14 12.1 3.9 
76° 68° SE 0.3 19.8 17.9 5.8 
72° 45° SE 10 24.1 22.2 4.3 
80° 23° SE 3 34.9 33 10.8 
Table 2.4: Shear zone measurements along the eastern transect line. 
Transect location Average  
spacing (m) 
Standard deviation  
of spacing 
Cv Cumulative  
Thickness (cm) 
V' 
Northeastern 2.91 6.66 2.29 297.2 0.45 
Northwestern 4.13 3.07 0.74 87.3 0.57 
Table 2.5: Fracture spacing analysis calculations. 
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Chapter 3:  Petrography 
The granitic rocks of the northeastern Harquahala Mountains are overprinted by 
several different styles of deformation (see Chapter 2), but the genetic relationships 
between these different fabrics and conditions of deformation are difficult to discern in 
the field.  In this chapter, the mineralogy and the microstructures are described for rocks 
displaying all the different styles of deformation apparent in the Stone Corral study area.  
First, the country rocks north and south of the Stone Corral ridge shear zone are described 
to establish the degree and type of deformation prior to formation of the shear zones, and 
to discern whether they have the same mineralogy and deformed under the same 
conditions.   
Next, the mineralogy and microstructures among the many mylonites in the study 
area are described to establish the deformation conditions, senses of shear, and strain 
localization mechanisms, as well as to determine how the discrete zones with the central 
epidote vein, bleached haloes, and flanking paired shear zones formed.  The different 
shear zones are described starting with the mm- to m-scale discrete shear zones in the 
northern part of the study area not affected by veins and bleaching (Figure 1.4), followed 
by the shear zones with a central vein, bleached halo, and flanking paired shear zones 
morphology (Figure 1.5), and then the unusual discrete shear zones in the northern part of 
the study area that display different orientations than the other more common discrete 
shear zones (e.g., sample SCM-4 in Figure 2.3), including the mm-scale mylonitized 
veneers on fractured surfaces (Figure 2.8A-C).  Next, the samples collected from the few 
hundred meters thick Stone Corral ridge shear zone are described (Figures 2.2, 2.8D-E), 
followed by the isolated 0.5-1 m thick shear zones found near the crest of Stone Corral 
ridge (Figures 2.1, 2.2, 2.8F).  Lastly, the mylonitic rocks collected from near the Eagle 
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Eye detachment fault on Eagle Eye Mountain (Figure 1.3) are described for comparison 
with the various mylonites of the Stone Corral study area, which have previously all been 
interpreted as forming during Miocene MCC exhumation as well. 
3.1 METHODS 
 Standard (27x46 mm) or large (45x70 mm) thin sections were prepared for 42 
samples (Tables 2.1, 2.2).  Thin sections were cut parallel to lineation and perpendicular 
to foliation whenever possible.  Mineralogical and microstructural information was 
recorded for all thin sections and is summarized in Tables 3.1-3.3.  The mineralogy of 
each sample was visually estimated.  In the mylonitized samples, much of the feldspar 
was recrystallized into very fine grains, and thus potassium feldspar was difficult to 
discern from plagioclase feldspar.  In addition, many of the remaining feldspar 
porphyroclasts were very altered or showed no distinguishing characteristics and were 
difficult to identify as plagioclase or potassium feldspar.  For this reason, the total 
feldspar content is estimated for the mylonites, whereas the plagioclase and potassium 
feldspar contents are estimated separately for the country rocks and bleached haloes. 
3.2 COUNTRY ROCK 
The granitic country rock located north of the Stone Corral ridge shear zone (i.e., 
the “northern country rock”), displays different degrees and styles of deformation than 
the granitic country rock located south of the shear zone near the crest of Stone Corral 
ridge (i.e., the “southern country rock;” Figures 2.1, 2.2). The northern country rock 
displays a gneissic texture that is locally protomylonitic and is characterized by feldspar 
porphyroclast-rich layers mixed with thinner quartz- and mica-rich layers.   The southern 
country rock is undeformed to weakly foliated; the foliation is defined by the rough 
alignment of biotite and locally of quartz.   
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3.2.1 Northern Country Rock 
3.2.1.1 Mineralogy and texture 
Five samples were collected from the meta-granitic country rocks in the northern 
part of the study area (i.e., north of the Stone Corral ridge shear zone; Table 2.1, Figures 
2.1, 2.3, 2.4).  The samples have very similar modal mineralogy with 35-38% plagioclase 
feldspar, 30-36% potassium feldspar, 22-26% quartz, and 3-6% biotite (some of which is 
replaced by chlorite; Table 3.1).  All the samples contain lesser amounts of epidote, 
titanite, apatite, amphibole, and opaque minerals.  Three of the samples contain <1% 
garnet.   
The samples are composed of large feldspar porphyroclasts, discontinuous 
ribbons and pods of quartz grains, numerous pockets of fine grained feldspars, scattered 
bands of biotite, and larger biotite that are commonly clustered (Figure 3.1A-B).  
Feldspar porphyroclasts average ~1-2 mm in length, although a few larger porphyroclasts 
up to ~5-6 mm in size are preserved in sample SCM-6, which is slightly less deformed 
than the other samples (Figure 3.1A).  Some porphyroclasts are bordered by masses of 
fine, recrystallized feldspar (Figures 3.1C-D, 3.2A).  Many of the potassium feldspar 
porphyroclasts display microcline twinning. 
Minor to moderate amounts of feldspar alteration are present in all samples and 
affect both porphyroclast edges and interiors.  Partial replacement of feldspar is most 
commonly by biotite and epidote (Figure 3.1C-D), and less commonly by sericite or 
extremely fine optically unidentifiable grains.  In many samples, biotite is observed to 
partially replace small amphibole grains, although in some samples (e.g., SCM-6 and 
HQ-D), similar sized amphibole grains (up to ~350 μm) remain within the interiors and 
edges of some feldspar porphyroclasts.  The amount of biotite replacement positively 
correlates with the amount of deformation the samples experienced; however, amphibole 
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content does not vary amongst the samples.  Thus some biotite likely resulted from other 
processes.  The majority of biotite in the samples is found in discontinuous bands and as 
clustered grains ~1 mm in length that are aligned in the foliation.  All samples exhibit 
some replacement of biotite by chlorite, ranging from minor (e.g., <5% in sample H2) to 
moderate (e.g., ~50% in sample SCM-6). 
The presence of myrmekite on the edges of feldspar porphyroclasts is widespread 
in all samples.  The myrmekite exists as lobes on the edges of potassium feldspar (Figure 
3.1A). The lobes range in size from 200 μm to 1 mm and contain quartz vermicules up to 
50 μm thick.  The samples also contain a minor amount of a feldspar replacement texture 
in which secondary feldspar replaces potassium feldspar.  The texture is very subtle, 
visible only as a small number of irregular blebs (100-300 μm in length) in large 
porphyroclasts.  The blebs appear as a lighter, more powdery shade of gray than the 
original grains in cross-polarized light.  Quartz is not associated with the replacement 
product.   
Some of the feldspar porphyroclasts are partially or fully wrapped by layers of 
medium grained (~250-500 μm) quartz.  In the less deformed sample, SCM-6, much of 
the quartz is collected into isolated pods.  In all samples, the quartz bands (+/- biotite 
bands) define a roughly sub-horizontal foliation, but this foliation undulates around 
larger, more rigid feldspar porphyroclasts (Figure 3.1B).  
Epidote occurs as small (~250 μm) to large (1.5 μm) anhedral to subhedral grains. 
Some of the grains display Carlsbad twinning or complex zoning patterns.  Rare grains 
composed of epidote rims on allanite cores are also present.  Epidote also exists as a 
minor replacement mineral in the cores of feldspar porphyroclasts, particularly along 
albite twin planes.  In samples SCM-17b and SCM-6, epidote also exists as veinlets that 
crosscut the foliation subperpendicularly (Figure 3.1A).  Symplectic quartz-epidote 
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grains are present in all samples, and can be found on the edges of feldspar 
porphyroclasts or in isolation (Figures 3.2B-C, 3.3A-B).  The epidote symplectites are 
commonly bordered by titanite, apatite, biotite, and opaque mineral grains.   
Titanite occurs as subhedral to euhedral grains ~250-800 μm wide.  Amphibole 
grains are elongate, range in length from 100 μm to 1.5 mm, and as described above, 
some are partially replaced by biotite (Figure 3.1B).  Opaque minerals occur as anhedral 
to subhedral grains ~50-250 μm in width, with rare grains reaching up to ~500 μm in 
width.  A trace amount of hexagonal garnet, up to 1 mm in size, is present in most 
samples and has a pink tint in plane polarized light.   
Epidote, titanite, apatite, and some of the biotite, quartz and opaque minerals 
appear to make up a metamorphic assemblage.  They are intimately associated with each 
other in complicated arrays that are typical of metamorphic, rather than igneous, textures 
(Figure 3.4A).  Rare small (~100 μm) garnet grains are also present in this assemblage, 
and contrary to the larger (likely igneous) garnet grains, are clear in plane polarized light.  
Quartz is commonly found as an embayment in titanite, epidote, and amphibole, and thus 
is likely a metamorphic product as well.   
3.2.1.2 Microstructures 
In all samples, the quartz grains display undulatory extinction and have a locally 
strong crystallographic preferred orientation (CPO).  In general, the quartz grains are 
elongate with sinuous, lobate boundaries (Figure 3.5).  In some quartz layers, larger 
grains display discontinuous undulatory extinction and numerous subgrains, commonly 
near the edges, that grade into recrystallized new grains of similar size, shape and optical 
orientation.  In sample SCM-6, the least deformed sample, the quartz layers and pods 
exhibit only very rare examples of this transition from subgrains into new grains on the 
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edges of quartz.  However, elongate subgrains and/or discontinuous undulatory extinction 
are present in many of the quartz grains, and in some cases, neighboring quartz grains 
show sinuous, lobate boundaries. 
The feldspar porphyroclasts are highly fractured and show undulose extinction 
(Figure 3.1).  Some of the feldspar augen appear to have undergone little to no 
recrystallization; these porphyroclast margins are sharp or only slightly blurry and tend to 
border quartz or other porphyroclasts (Figure 3.1A).  Many other feldspar porphyroclasts 
appear to have undergone partial recrystallization on their rims, indicated by very 
serrated and sometimes blurry boundaries and by the presence of subgrains on their 
boundaries that transition into new grains of similar shape and size (Figure 3.1C-D).  
Many small clusters of new grains have similar optical orientations, and subgrains and 
new grains show a gradational change in optical orientation away from the feldspar 
porphyroclasts.  Masses of very fine grained, grungy recrystallized feldspars of similar 
optical orientation are also present in the samples.  This type of recrystallization is 
commonly associated with feldspar porphyroclasts that have been greatly affected by 
myrmekite replacement on their rims.   
All samples are affected by thin brittle-ductile shear bands that crosscut the 
foliation and locally cut across entire thin sections (Figure 3.2).  Layers of elongate 
quartz are deflected into some of the shear bands and exhibit extensive localized 
subgrains and new recrystallized grains (Figure 3.2B).  Zones of extensive fine grained, 
grungy recrystallized feldspars (Figure 3.2A) and occasional elongate biotite and epidote 
grains are present as well.  A couple of the shear bands lack ductile quartz 
microstructures and appear to be brittle fractures.  These bands have a granular, powdery 
appearance in plane polarized light, which also is suggestive of fractures.   
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A few shear sense indicators are present in the samples.  The brittle-ductile 
quartz-rich and feldspar-rich shear bands are oriented at angles between ~30° to 40° to 
the overall foliation, and resemble C’-type shear bands (Figure 3.2).  However, these 
angles may be apparent angles as a couple of the samples did not have a clear lineation 
and so were cut parallel to the lineation direction of rocks in nearby outcrops.  Some of 
the shear bands also change orientation slightly when traced along their lengths.  For 
example, one of the shear bands in sample SCM-6 is oriented at an angle of ~30° where it 
initiates with respect to the foliation, but when traced along its length, its orientation 
steepens to ~40°.  This change in angle may be a result of different rheologies as the 
shear band tends to be at a shallower angle in feldspar-rich layers and at a steeper angle 
in quartz-rich layers.  In the three samples cut parallel to lineation and perpendicular to 
foliation, the orientation of the bands imply a top-to-the-northeast sense of shear if they 
are C’-type shear bands.  The few bands that appear to have formed solely from brittle 
processes also have the same orientation and thus sense of shear.  The only other shear 
sense indicator present in the country rock samples is a slight quartz grain shape preferred 
orientation (GSPO) in sample SCM-17b that is also inclined in a top-to-the-northeast 
direction.   
3.2.2 Southern Country Rock  
3.2.2.1 Mineralogy and texture 
Three samples were collected from the country rock in the southern part of the 
study area (i.e., south of the Stone Corral ridge shear zone; Table 2.1, Figures 2.1, 2.2).  
Sample B-7 was collected from weakly foliated granite, and sample B-28 was collected 
from a moderately foliated granite.  The third sample, B-4, was collected from a massive 
granite that appeared undeformed in the field and in hand sample.  The modal mineralogy 
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of the three samples is very similar with 34-38% plagioclase, 32-35% potassium feldspar, 
25-26% quartz, and 3-8% biotite (Table 3.1).  All three samples contain minor amounts 
of opaque minerals and rare epidote.  The moderately foliated sample also contains a 
small amount of titanite.   
Although the modal mineralogy is comparable among the three samples, the 
samples differ from each other in both grain size and amount of recrystallization.  More 
deformed samples have smaller grain sizes and are more recrystallized.  Feldspar 
porphyroclasts in the least deformed sample, B-4, range from 1-2.5 mm (Figure 3.6A).  
Quartz grain size tends to average ~500-750 μm, but may be as large as 1.5 mm (Figure 
3.6C).  Biotite is present as subhedral grains that approach a rectangular shape and 
average ~750 μm in the long direction and ~250 μm in the short dimension.  In the 
weakly deformed sample, B-7, feldspar porphyroclast size averages ~250-500 μm; quartz 
averages ~1 mm, and biotite varies in length but averages ~100-150 μm in width.  The 
biotite is crudely aligned and defines the foliation in this sample. In the most deformed 
sample, B-28, feldspar porphyroclast sizes average ~150-400 μm (Figure 3.6B); quartz 
averages ~500 μm (Figure 3.6D), and biotite also varies in length but averages ~50 μm in 
width.  The crudely aligned biotite and parallel, slightly elongate quartz define the 
foliation.  All three samples show minor to moderate sericitic alteration in some of the 
feldspar porphyroclasts, and minor to moderate replacement of biotite by chlorite. 
3.2.2.2 Microstructures 
All three samples display evidence of intracrystalline deformation and 
recrystallization.  Although sample B-4 appeared undeformed in the field and in hand 
sample, the rock has clearly undergone minor but pervasive deformation and 
recrystallization when viewed in thin section (Figure 3.6A, C). The quartz grains in all 
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samples show discontinuous undulatory extinction and exhibit a weak CPO.  The grains 
are amoeboid in shape with sinuous boundaries and finger-like protrusions into 
neighboring grains (Figure 3.6C).  All samples also have a small number of quartz pods 
where a transition exists from old grains to subgrains on the edges of the old grains to 
neighboring new grains that are similar in size, shape, and optical orientation to the 
subgrains (Figure 3.6D).  In the most deformed sample, many of the quartz grains contain 
subgrains that extend across the entire grain. 
Feldspar porphyroclasts show discontinuous undulatory extinction, and many 
grains are fractured.  Myrmekite is present in all three samples and is extensive in the two 
lesser deformed samples (Figure 3.6A).  The sizes of the myrmekite lobes vary greatly 
and reach a maximum of ~1 mm in sample B-4.  Quartz vermicules within the myrmekite 
lobes can be up to ~50 μm in thickness.  Myrmekite is present both as protrusions 
nucleating on the edges of grains and as feathery growths lining microfractures.  Most of 
the recrystallization seen in the feldspar grains appears to be recrystallization of the 
myrmekitic intergrowths (Figure 3.6A-B).  Recrystallized fine grained, grungy looking 
feldspar is also present along some of the feldspar porphyroclast boundaries.  This type of 
recrystallization seems to be most developed on myrmekite lobes and recrystallized 
myrmekite grains.   
Flame perthite is also present throughout all three samples (Figure 3.6B), but is 
very minor in the two lesser deformed samples.  Flame perthite is ubiquitous in the most 
deformed sample, which suggests it is deformation-related.  The microstructure appears 
to have nucleated on grain boundaries in most cases, but, in some, it seems to have 
nucleated on intragranular microfractures.   
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3.2.3 Interpretation 
The bulk mineralogy of the country rock that crops out north of the Stone Corral 
ridge shear zone is similar to that of the country rock that crops out south of the Stone 
Corral ridge shear zone, indicating that the same unit is likely present on both sides.  
However, the northern country rock contains a significantly greater amount of 
metamorphic minerals than the southern country rock.  Whereas the northern country 
rock has common metamorphic epidote, titanite, garnet, apatite, and biotite, the southern 
country rock contains only trace amounts of titanite and epidote.  This may suggest the 
northern country rocks were more affected by fluid infiltration that enhanced the 
breakdown of preexisting minerals to form the metamorphic assemblage.  The northern 
country rock is also more intensely deformed and is crosscut by discrete top-to-the-
northeast shear bands.  All the country rocks show evidence for predominantly high 
temperature grain boundary migration (GBM) recrystallization of quartz and subgrain 
rotation (SGR) recrystallization of feldspar, and for a lesser amount of SGR 
recrystallization of quartz and bulging (BLG) recrystallization or neocrystallization of 
feldspar.  Quartz and feldspar in the top-to-the-northeast shear bands that crosscut the 
foliation in the northern country rock are recrystallized by SGR and BLG, respectively. 
3.3 DISCRETE MYLONITIC SHEAR ZONES 
3.3.1 Discrete Shear Zones without Bleaching and Central Veins 
3.3.1.1 Mineralogy and texture 
Six samples were collected from the discrete shear zones located in the northern 
portion of the study area that are not associated with bleaching and epidote veins (Table 
2.2, Figures 1.4, 2.1, 2.3, 2.4).  The samples share a similar mineralogy but differ in the 
modal proportions of minerals (Table 3.2).  Three of the samples, H1, SCM-17, and 
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HAR-14 were collected from isolated shear zones that were not in the vicinity of other 
shear zones with a central vein, bleached halo, and flanking paired shear zones 
morphology.   These three samples share an almost identical modal mineralogy of ~66-
67% feldspar, ~22-25% quartz, 8-9% biotite, and lesser amounts of epidote, titanite, 
amphibole, apatite and opaque minerals.  The other three samples, SCM-12, HQ-A, and 
HAR-53, were collected from a meter-scale shear zone in the western part of the study 
area that is exposed along strike for ~25 meters (Figure 2.3).  Although the three samples 
were not associated with bleaching, epidote veining, and flanking paired shear zones, 
most of the other shear zones in the vicinity do display that morphology. These three 
samples had similar feldspar contents (~64-68%) as the mylonites from the isolated shear 
zones.  However, they contained higher quartz contents (~27-35%) and lower biotite 
contents (~1-7%) that are mostly altered to chlorite.  Samples HQ-A and HAR-53 also 
contain small amounts of muscovite, and some of the feldspars show minor sericitic 
alteration. Sample SCM-12 contains minor epidote, titanite, and amphibole.  The 
amphibole is scarce and is almost completely altered to biotite and chlorite. 
The discrete shear zone samples are characterized by undulating layers of fine 
grained (~10-30 μm) feldspar, quartz, and biotite that are intermixed with continuous and 
discontinuous layers of medium-grained (~50-200 μm) quartz, some of which form long 
ribbons (Figure 3.8A-B).  Sample HQ-A is an exception in that biotite is very rare, and in 
both HQ-A and HAR-53, scarce short strings of fine grained muscovite are present in the 
feldspar-rich matrix layers.  Also, sample SCM-17 is significantly finer grained than the 
other samples with matrix grains on the scale of one to tens of microns and feldspar 
porphyroclasts on the scale of tens to hundreds of microns.  In the other samples, feldspar 
porphyroclasts range in size from ~500 μm-3.5 mm (Figure 3.7).   
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In all samples, the feldspar porphyroclasts are widespread and exist most 
commonly as isolated grains, but more rarely may be present in trains of multiple grains.  
A few very elongate feldspar grains (~300-700 μm in length) are scattered throughout 
some samples.  In most samples, the grain boundaries of the feldspar in the fine grained 
layers do not appear sharp because of the presence of fine grained biotite, which forms 
wispy bands that undulate between and through the fine feldspar grains (Figures 3.7E, 
3.8B).  Rare relicts of well-developed biotite grains are preserved.  The quartz layers are 
generally thinner than the fine grained feldspar layers and are less abundant, but the grain 
size within the layers is larger (Figure 3.8B).  The feldspar porphyroclasts display various 
degrees of chemical breakdown to mica.   
Epidote grains in the samples tend to be subhedral and are commonly fragmented.  
They range in size from ~100 μm to 1 mm and are scattered throughout the samples, 
commonly associated with the mica-rich bands (Figure 3.9A).  Quartz-epidote 
symplectites are present in some of the samples (Figure 3.3E).  Epidote also appears to 
have replaced parts of feldspar porphyroclasts in some samples.  The opaque mineral 
grains are anhedral to subhedral (and more rarely euhedral), ~10-30 μm in size, scattered 
throughout the samples, and can be either isolated or form trains.  The titanite grains are 
typically subhedral to euhedral and ~250-500 μm in length.  They commonly display a 
fish-like habit and are found either isolated or in clusters, in which case they are generally 
found near large epidote grains (Figure 3.9A).  Some have inclusions of opaque minerals.  
Amphibole grains range in size from tens of microns to hundreds of microns (Figure 
3.8C). The titanite, biotite, epidote, amphibole and opaque minerals are commonly 
associated with each other.   
Myrmekite on the edges (or more rarely in the interiors) of feldspar 
porphyroclasts is present in all samples to various degrees (Figure 3.7A).  The myrmekite 
 57 
is finer grained than in the samples from the country rocks.  Myrmekitic intergrowths are 
more abundant in samples that are less strained. A replacement texture in which feldspar 
porphyroclasts have been partially replaced by secondary feldspar is also present to 
varying degrees within all the samples.  This replacement texture is similar to that visible 
in the country rocks but is more obvious, appearing as patches, rather than blebs, of 
powdery gray in cross-polarized light.  Energy-dispersive X-ray Spectrometry (EDS) 
analysis of this texture was performed on a sample from a shear zone with the central 
vein, bleached halo, and flanking paired shear zones morphology (see Chapter 5).  The 
results of the analysis indicated that the replacing feldspar was oligoclase.  This 
replacement texture is described in detail in section 3.3.2 (see also Figures 3.14-3.16). 
3.3.1.2 Microstructures 
Many of the larger quartz grains in the quartz-rich layers display sweeping 
undulatory extinction and have a very strong CPO.  Most of the quartz grains in the 
samples exhibit serrate/lobate boundaries (Figure 3.8A).  Many of the amoboid shaped 
grains, particularly the larger grains, also contain elongate subgrains that extend across 
the length of the grains.  In most cases, these quartz subgrains are not the same size as the 
smaller recrystallized quartz grains in the samples.  Transitions from larger older grains 
to subgrains to new grains of similar size with a corresponding gradation in degree of 
lattice orientation are locally present, but not widespread.  Additionally, whereas the 
majority of grains in the quartz layers have sinuous boundaries, not all the layers contain 
grains with subgrains.   
The feldspar porphyroclasts are highly fractured and show continuous and locally 
discontinuous undulatory extinction (Figure 3.7E).  In all samples, some of the feldspar 
porphyroclasts appear to have been either partially or fully pulled apart a short distance 
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(100-400 μm) with large quartz between the two halves.  Many feldspar porphyroclasts 
appear to have undergone partial to moderate recrystallization, indicated by serrate 
boundaries and the presence of abundant subgrains which transition into new grains with 
similar lattice orientations on many boundaries (Figure 3.7).  Additionally, fine grained, 
grungy looking recrystallized grains are present near the boundaries of some of the 
feldspar porphyroclasts (Figure 3.7F), and some are also present within the fine grained 
feldspar-rich matrix.   
Within the fine grained feldspar-rich matrix layers, the intermixed quartz grains 
are of a similar size and shape as the feldspar grains (Figure 3.8B).  The fine feldspar 
grains are similar in size to the subgrains and new grains associated with the feldspar 
porphroclasts.  Large masses of these grains appear to have similar optical orientations.  
Additionally, some of the few slightly larger grains in the matrix layers are divided into 
2-3 subgrains that are the same size as the other smaller grains.   
Unequivocal shear sense indicators are ubiquitous throughout all the thin sections, 
and display a top-to-the-southwest sense of shear.  Almost all samples contain numerous 
feldspar σ-type mantled porphyroclasts (Figure 3.7E).  Some samples contain titanite 
and/or biotite fish-like grains (Figures 3.8A, 3.9A), or σ-type mantled amphibole 
porphyroclasts (Figure 3.8C).  Inclined recrystallized quartz grains in the ribbons are 
common in the samples (Figure 3.8B), and clear biotite-rich C’-type shear bands at ~30-
35° angles to the foliation are also widespread in several samples (Figure 3.8D).  
3.3.2 Discrete Shear Zones with a Central Epidote Vein, Bleached Halo, and 
Flanking Paired Shear Zones Morphology 
The shear zones within the study area that possess the central vein, bleached halo, 
and flanking paired shear zones morphology vary greatly in intensity of bleaching and 
shearing.  Seven samples were collected from shear zones that showed all different 
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degrees of development from likely incipient (e.g., sample HQ-C, Figure 1.5A) to fully 
developed (e.g., sample SCM-51, Figures 1.5E-F, 2.9D-F, 2.14B).  Mineralogical and 
microstructural differences exist between the least and the most developed shear zones 
with this morphology.  The less developed discrete shear zones still preserve the 
subhorizontal country rock foliation in the bleached halo (although the country rock has 
been modified by replacement and recrystallization), and the central epidote vein 
crosscuts this foliation subvertically (Figure 3.10A; also see Figure 2.14C).  In the less 
developed to moderately developed discrete zones, the flanking paired shear zones 
typically consist of either mylonite or ultramylonite, although the flanking paired zones 
in the likely incipient shear zone sample (HQ-C) do not contain mylonite, but instead 
consist of biotite-rich C’-type shear bands that cut through the country rock foliation or 
locally reorient the foliation into parallelism.  In the most developed discrete shear zones, 
the country rock foliation is not preserved in the bleached zone or in the flanking paired 
shear zones, but instead the foliation parallels the vein, and the flanking paired shear 
zones consist of ultramylonite.   
An additional two samples, HQ-B and HAR-9, were collected from the eastern 
mapped area (Figure 2.4) from a shear zone that had undergone extensive bleaching in its 
core without an associated epidote vein.  Sample HAR-9 was collected from the core of 
the bleached part of the shear zone whereas sample HQ-B was collected from non-
bleached mylonitized rock on the border of the bleached core. These samples are also 
discussed in this section because, despite not having a central epidote vein, their 
microstructures are very similar to those of the shear zones discussed in this section and 
likely formed from the same processes. 
All of the samples collected from the shear zones with central epidote veins, 
bleached haloes, and flanking paired shear zones display unique changes in mineralogy 
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across their widths from the vein outward. The samples are described in detail from the 
vein outward with a particular emphasis on the end-member types, incipient shear zone 
sample, HQ-C, and fully developed shear zone sample, SCM-51.   
3.3.2.1 Mineralogy and texture 
The epidote vein in the incipient shear zone sample, HQ-C, does not have a vein-
like morphology when viewed in thin section.  Instead, a large cluster of epidote grains 
have partially overgrown feldspars on either side of a fracture (Figure 3.10A).  The total 
width of the area replaced by epidote grains is ~4 mm.  The epidote grains are scattered 
and range in size from ~250 μm to ~1.25 mm.  The feldspar in the vein/fracture area is 
mostly recrystallized and/or replaced by oligoclase.  Chlorite is also common along the 
fracture, composing about 15% of the area, and much of it is found in short, thin, 
discontinuous subvertical veinlets that crosscut the older fabric.  Minor quartz, biotite, 
and garnet are also present.  In this sample, sericitization of the feldspars is present to a 
small extent within and along the borders of the highly chloritized fracture trace, but is 
minor to non-existent otherwise.  The opaque minerals in the sample are much more 
abundant adjacent to the epidote vein grains than elsewhere in the sample, and this 
relationship holds true in all the other samples as well.  
The epidote vein in sample SCM-51, the sample from the fully developed shear 
zone, appears as a vein in thin section rather than as an epidote-rich replacement texture 
(Figure 3.11A-B).  The epidote vein is ~1.25 cm thick, partially broken up, and 
composed of a mixture of subhedral to euhedral grains ~0.5 mm in length, and euhedral 
rectangular grains ~ 2 mm in length and ~0.5 mm in width.  Some of the grains are 
zoned, and a couple exhibit faint albite-type twinning.  A lesser number of grains appear 
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to have replaced feldspar porphyroclasts in a manner similar to that seen in sample HQ-
C.   
Whereas sericitization was minimal in sample HQ-C, the feldspar grains in 
sample SCM-51 are heavily sericitized in a ~1-1.5 mm zone directly adjacent to the vein 
and within the broken up parts of the vein (Figure 3.12).  Outside of this zone, the degree 
of sericitization of the feldspars drops off dramatically and then further decreases 
gradually away from the vein.  Chlorite, some with a radiating habit, comprises ~5% of 
the vein area.  Quartz is also present as vein filling and recrystallized feldspar from the 
wall rock has been mixed in with the vein during deformation.  In the strongly altered 
zone adjacent to the vein, metamorphic titanite, epidote, and opaque minerals are 
ubiquitous (Figure 3.12).  The opaque minerals decrease dramatically in number away 
from the vein, and the titanite and epidote are almost entirely restricted to the altered 
area.  Small biotite grains are present but very rare. 
The other samples also contain vein epidote and some contain vein quartz, as well 
as epidote replacement of plagioclase near the veins (Figures 3.10B, 3.11C, 3.13).  These 
samples do not contain chlorite in the veins.  Biotite is present most commonly as a 
feldspar replacement product.  In all samples, biotite content is lower in the bleached 
haloes than in the flanking paired shear zones, but is not systematically different than 
biotite content in the country rock (Tables 3.1, 3.2).  Opaque minerals increase in amount 
near the vein in every sample, and titanite is present both near and away from the vein 
and is associated with epidote, quartz, and garnet (Figure 3.4C-E).  Several titanite grains 
in multiple samples contain a single garnet inclusion.  The feldspar immediately adjacent 
to the vein is sericitized in some samples (Figure 3.10B).   
Near the central veins in all samples except for SCM-51, many large (several mm 
long) feldspar porphyroclasts are present, but the grain size of the porphyroclasts 
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progressively decreases towards the flanking paired shear zones where porphyroclasts are 
much less numerous and range in size from ~500 μm to ~1 mm long.  Quartz grain size 
similarly decreases from ~1-1.5 mm adjacent to the vein to ~100-200 μm in the paired 
shear zones.  Biotite becomes more abundant from the vein to the flanking shear zones 
(Figure 3.14).  Biotite grains are mostly isolated near the vein and are associated with 
large feldspar porphyroclasts (Figure 3.15), but are more aligned away from the vein and 
form through-going bands in the paired shear zones (Figure 3.14E).   
3.3.2.2 Microstructures 
In some of the samples, the epidote veins are fractured and some grains are pulled 
apart (Figure 3.11), whereas in other samples, the veins remain intact (Figure 3.10B). 
Some grains continued growing as they were pulled apart as evidenced by the presence of 
optically continuous fibers that connect separate parts of the grains (Figure 3.11B).  Some 
of the epidote vein grains are deformed into subtle fish that give a sense of shear, many 
display undulatory extinction, and some are folded (Figure 3.11A).  In the fully 
developed shear zone sample, SCM-51, subgrains are evident on a few of the epidote 
grains, although they are isolated and extremely rare (Figure 3.11D).   
The vein quartz that precipitated with the epidote is medium to coarse grained 
(hundreds of microns up to several millimeters in length) and exhibits lobate and sinuous 
boundaries (Figure 3.13).  The sinuous nature of these boundaries is particularly 
pronounced in coarse-grained quartz found in protected pockets surrounded by large 
epidote grains (Figure 3.13A-B).  Where the vein quartz is not protected by epidote, it has 
undergone complete or near complete recrystallization (Figure 3.13C-D).  
Many of the quartz grains display undulose extinction both inside the veins and 
away from the veins.  In the bleached haloes, quartz grains display a moderate CPO, 
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whereas in the paired shear zones, the CPO is locally very strong.  Feldspar is highly 
fractured and also displays undulose extinction (Figures 3.16C, 3.17D).     
Many of the feldspar porphryoclasts outside the veins and throughout the 
bleached zones contain subgrains on their boundaries and new grains of similar size and 
optical orientation in the surrounding matrix.  In sample SCM-51, the recrystallization of 
feldspar porphyroclasts is complete in the thin altered zone adjacent to the vein (Figure 
3.12), but in general, the recrystallization of the porphyroclasts progressively increases 
away from the vein (Figure 3.14).  However, the feldspar porphyroclasts in all samples 
have been very affected by myrmekite replacement and by the non-symplectic oligoclase 
replacement of potassium feldspar (Figures 3.15, 3.16).  Myrmekite replacement textures 
are known to recrystallize readily (Vernon et al., 1983; Vernon, 1991; Tsurumi et al., 
2003), and possibly this is also true of the oligoclase replacement texture.   
These replacement textures, which are present in minimal amounts in the non-
bleached discrete shear zone samples, are extensive and striking in the samples from the 
bleached zones and flanking paired shear zones (Figures 3.14-3.16).  Very few potassium 
feldspar grains in the bleached zones and paired shear zones are unaffected by the 
replacement, and all stages of replacement from minor to complete can be discerned.  The 
non-symplectic oligoclase replacement texture is irregular and patchy in appearance in 
some places, but has square edges to it in other places (Figure 3.15).  The prevalence of 
the square-shaped replacement pattern implies that the replacement product may have 
utilized cleavage planes for access to the interiors of the K-feldspar porphyroclasts.   
Very rarely, tiny myrmekite lobes are found on the edges of the oligoclase 
replacement texture that extend into the non-replaced relict grain interiors.  Very 
commonly the same grains affected by the oligoclase replacement texture are also 
affected by myrmekite replacement, but the myrmekitic plagioclase does not have the 
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same optical orientation as the non-symplectic oligoclase.  Many of the grains with the 
replacement texture simultaneously show albite twinning in the powdery gray oligoclase 
replacement patches and microcline twinning in the darker gray potassium feldspar 
patches (Figure 3.16).  
The oligoclase replacement texture is commonly not associated with other 
minerals, but can be associated in varying degrees with biotite, muscovite, and/or sericite.  
These minerals are present within the feldspar porphyroclasts, nearly always in the 
oligoclase patches rather than in the relict potassium feldspar patches (Figure 3.15).  
Epidote, sphene, and garnet may also be present with the replacement texture.  The 
degree to which the micas appear with the replacement texture is generally minor near the 
vein.  In some samples, sericite and muscovite are more common near the vein than 
biotite, but other samples lack white mica altogether.  From the vein outward, the amount 
of biotite associated with the oligoclase increases significantly. In the more sheared 
portions of the rock, biotite is far more abundant as a replacement product than muscovite 
or sericite.   In most samples, muscovite is absent or nearly absent in the more sheared 
parts of the rocks.   
Biotite is not only present as a replacement texture in the interiors of the 
potassium feldspar grains but is also present near the rims.  As recrystallization of the 
myrmekite and oligoclase replacement textures increase away from the vein, the biotite 
content increases as well, and the grains become progressively more aligned, eventually 
forming connected strands and through-going bands (Figure 3.14).  This alignment and 
interconnectedness of biotite is most apparent on the rims of porphyroclasts where 
recrystallization of myrmekite and oligoclase is greatest.  In most samples, the increase in 
biotite content from the vein outward to the flanking shear zones is gradual.  In a sample 
of one of one of the less common flanking paired shear zones that also appears bleached 
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(Figure 2.14A), the biotite content is lower and quartz layers are thicker and more 
abundant.   
In some of the samples, relatively thick bands of quartz are present throughout the 
bleached zone, some of which are strongly recrystallized and exhibit a strong CPO 
(Figure 3.17A).  These bands are significantly thicker and more through-going than the 
quartz bands and pods in the country rock, and therefore likely initiated as quartz veins 
that were subsequently deformed.  In some samples, these quartz layers have deformed 
much more readily than the more feldspar-rich layers, and an S-C fabric is apparent in 
which the quartz layers form the C-planes in the fabric and the feldspar-rich layers form 
the S-planes (Figure 3.17A).  Both the feldspar porphyroclasts that compose the S-planes 
and the recrystallized quartz grains in the quartz layers that compose the C-planes are 
inclined in a top-to-the-southwest direction. 
Many of the paired shear zone samples contain closely associated epidote, titanite, 
garnet, and opaque minerals.  These minerals may be found wrapped in biotite folia and 
elongate in the direction of foliation.  Many of the amphibole grains are fish-like in shape 
and indicate a top-to-the-southwest sense of shear.  Small (100-250 μm) garnet is also 
found with faces adjacent to epidote or titanite grains and as inclusions in titanite, or 
more rarely as isolated grains (Figure 3.4C-F).  Garnet is more abundant in the shear 
zones than it is in the bleached haloes and the surrounding country rock, and lacks the 
pink tint of the igneous garnet present in some of the country rock.  Titanite is also 
commonly intimately associated with opaque minerals.  It typically contains opaque 
inclusions, exhibits faces adjacent to opaque minerals, and sometimes appears to rim 
opaque minerals.  
A few of the flanking paired shear zone samples are composed of mylonite 
(Figures 3.4F, 3.15B), and these shear zones appear very similar in thin section to the 
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discrete shear zones not affected by bleaching and veining (Figures 3.7, 3.8, 3.9A).  The 
main difference is that the flanking paired shear zone mylonites contain more biotite, and 
the feldspars are much more replaced by myrmekite and oligoclase.  The majority of the 
flanking paired shear zones, however, are composed of ultramylonite (Figure 3.14E).  
These shear zones are also very biotite rich, and the quartz and feldspar grains that 
compose the bulk of the matrix are similar in size (10s of μm to ~100 μm), resulting in a 
fairly homogeneous fabric (Figure 3.14E-F).  Very fine grained, grungy looking 
recrystallized feldspar is also present within the matrix.  Thin layers of these grains are 
interspersed with layers of recrystallized myrmekite and other recrystallized feldspar 
grains.   
In the incipient shear zone sample, HQ-C, the paired shear zones are manifested 
as biotite-rich C’-type shear bands rather than as mylonitic or ultramylonitic shear zones 
(Figures 3.17C, 3.18).  These thin shear bands are characterized by 1-5 μm thick through-
going biotite-rich layers oriented at ~30-35° to the foliation. Fine layers of very fine 
grained grungy recrystallized feldspar are immediately adjacent to the biotite grains in the 
shear bands and in some cases make up a significant portion of the shear bands (Figures 
3.17B-D, 3.18).  Some of the C’-type shear bands are richer in quartz than in biotite.  In 
these areas, the bands of quartz that are aligned with the country rock foliation, 
previously described as probable quartz veins, are reoriented into an S-C’-type structure 
(Figures 3.17C).  Quartz grains in the middle of some of the reoriented layers are long 
and thin, and together display a strong CPO, whereas the quartz grains on the edges 
display numerous subgrains that transition into new grains of similar size and lattice 
orientation.  An S-C’ fabric is well developed where C’-type shear bands are farther apart 
(Figures 3.17B-D, 3.18A-B).  The S-fabric is mostly defined by σ-type mantled feldspar 
porphyroclasts and inclined recrystallized quartz grains. Some of the σ-type mantled 
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feldspar porphyroclasts are large and elongate (Figure 3.17D).  Rarely, large (~1 mm 
long) rectangular quartz grains comprise part of the quartz bands and contribute to the S-
fabric.  Where the C’-type shear bands are close together, recrystallization of 
intermediary quartz and feldspar is extensive, and the S-C’ fabric is lost (Figure 3.18C-
D).  In these regions, the C’-type shear bands are no longer distinguishable from the 
surrounding grains which have adopted the same orientation as the shear bands, resulting 
in a relatively homogeneous fabric that appears similar to the ultramylonitized fabric of 
the better developed flanking paired shear zone samples (compare Figures 3.14E-F and 
3.18D).   
The same unequivocal shear sense indicators that are present in the other discrete 
shear zones not associated with veining and bleaching are also present in the paired shear 
zones that are associated with veining and bleaching.  Shear sense indicators include 
feldspar σ-type mantled porphyroclasts (Figure 3.17B), amphibole fish, biotite fish, 
inclined recrystallized quartz in bands and veins (Figure 3.13C-D), S-C fabrics (Figures 
3.13C-D, 3.17), and biotite-rich C’-type shear bands (Figures 3.17B-D, 3.18).  In sample 
HQ-C, some of the feldspar porphyroclasts that are preserved between the C’-type shear 
bands display comma-shaped myrmekite on their rims that is deflected in the direction of 
shear (after Simpson, 1985; Simpson and Wintsch, 1989; Figure 3.19).  All of the shear 
sense indicators yield a top-to-the-southwest sense of shear.   
3.3.3 Atypical Discrete Mylonitic Shear Zone 
As discussed in Chapter 2, one discrete shear zone was observed with an 
anomalous SE strike and SW dip in the northern part of the study area (Figure 2.3), and 
contained a 1 cm thick quartz vein on one margin. 
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3.3.3.1 Mineralogy and texture 
A sample of this vein (SCM-4) shows most of the quartz is very fine grained (~10 
μm in length) and slightly elongate.  A couple of clusters of elongate porphyroclast-like 
quartz ribbons are present (Figure 3.20A).  Ribbons may be as long as ~1 mm in length, 
but are more commonly hundreds of microns in length.  A small number of plagioclase 
and potassium feldspar porphyroclasts, ranging from ~100 to 500 μm in length, exist as 
isolated grains or in trains of several grains.  Some of the feldspars show minor to 
moderate alteration to sericite.  A couple of grains with microcline twinning show no 
alteration.  In all cases, the feldspar porphyroclasts are associated with seams of very fine 
grained feldspar and mica that contribute to the foliation in the rock.  The mica is mostly 
biotite, but rare muscovite is present in the seams as well.  
3.3.3.2 Microstructures 
The porphyroclast-like quartz ribbons display undulatory extinction and show a 
strong CPO.  Aside from these uncommon ribbons, the quartz is almost entirely 
recrystallized.  The quartz grains are all of similar size (~10 μm) and shape, and together 
display a strong CPO.  A transition from subgrains to new grains of the same size and 
shape is clearly visible on the edges of the quartz ribbons (Figure 3.20A).   
Some of the feldspar porphyroclasts are fractured, and undulatory extinction is 
common. Some feldspars are not recrystallized; others are partially recrystallized on their 
boundaries.  These porphyroclasts contain very fine grained grungy feldspar grains on 
their borders, and the boundaries between the porphyroclasts and the recrystallized grains 
are blurry.  Subgrains are not present on the porphyroclasts that border these very fine 
grains.  However, rare feldspars have a few subgrains on their edges and also new grains 
on their borders that are of similar size and crystallographic orientation as the subgrains.   
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Many shear sense indicators are present in the sample, and all of them indicate the 
same sense of shear.  At high magnification, a pronounced S-C fabric is evident in which 
the C-type shear bands are defined by seams of mica and fine grained recrystallized 
feldspar, and the S-planes are defined by the slightly elongated and inclined recrystallized 
quartz grains that compose the bulk of the sample.  Other shear sense indicators include 
feldspar σ-type mantled porphyroclasts, feldspar mineral fish, and σ-type quartz ribbons 
(Figure 3.20A).  Unfortunately, the part of the sample that contained the orientation notch 
was lost during thin section construction, and so the direction of shear is uncertain.  A 
small indent is found in one corner of the sample that may be a remnant of the notch, and 
if this is the case, the sense of shear is top-to-the-southwest. 
3.3.4 Mylonitized Veneers on Fractured Surfaces 
3.3.4.1 Mineralogy and texture 
Sample SCM-48-2 was collected from one of the isolated fractured surfaces that 
are coated with thin mylonitic veneers in the northern part of the study area (Figure 2.8A-
C).  These veneers appear to be only ~1 mm in thickness in the field and cut across the 
country rock foliation.  In thin section, the mylonitized veneer is only ~100-200 μm thick 
and is above and subparallel to a ~600-800 μm thick zone of protomylonite (Figure 
3.20B).  The mylonitized surface is composed of ~67% feldspar, ~24% quartz, ~8% 
biotite, some of which is altered to chlorite, and ~1% muscovite (Table 3.2).  The 
majority of feldspar is extremely fine grained (μm-scale), although rare feldspar 
porphyroclasts ~100 μm in size are present (Figure 3.20B).  A quartz layer is present with 
grain sizes up to ~50 μm, but the majority of the quartz is very fine grained (μm-scale) 
and is found intermixed with the fine grained feldspar.  Biotite, chlorite, and muscovite 
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are present in wispy bands and are commonly associated with the fine grained feldspar 
layers.   
In the protomylonite zone, the feldspar porphyroclasts range in size from ~100-
400 μm (Figure 3.20B).  One rare large clast is ~800 μm in length.  Recrystallized, very 
fine grained feldspar is plentiful.  Quartz is present in layers in which individual grain 
sizes are ~50-100 μm in length with fewer larger grains up to ~200 μm in length.  Some 
titanite grains are isolated, but more commonly the grains are clustered.  Titanite is 
diamond shaped and most grain sizes range from tens of microns to hundreds of microns.  
A single large titanite grain, ~500 μm in length, is also present.  A trace amount of 
opaque minerals, anhedral to euhedral in shape and up to ~100 μm in length are present 
in small clusters and trains and tend to be associated with the fine grained feldspar layers.    
3.3.4.2 Microstructures 
Many of the quartz grains show a strong CPO, and undulose extinction is 
widespread.  The quartz grains appear to have been entirely recrystallized.  In the 
mylonitized veneer, the quartz is extremely fine grained, and large masses of grains share 
similar optical orientations (Figure 3.20B).  The recrystallized feldspar is extremely 
grungy looking and boundaries of the grains look blurry. 
In the protomylonite zone, transitions from old grains with subgrains to new 
grains of the same size and shape are apparent.  Feldspar porphyroclasts commonly 
display undulose extinction, and some are fractured.  A small number of the 
porphyroclasts have subgrains on their edges that transition to adjacent new grains of 
similar size and similar optical orientation.  However, much of the recrystallized feldspar 
is extremely fine grained, very grungy in appearance, and with blurry boundaries (Figure 
3.20B).  Large masses of these fine grained recrystallized feldspar layers have similar 
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optical orientations.  Some feldspar porphyroclasts display a hint of myrmekite on their 
edges, and some show a secondary feldspar (likely oligoclase) replacement texture 
similar to that seen in many of the mylonites from the more common discrete shear zones 
(Figures 3.14-3.16).  The feldspar porphroclasts in the immediately adjacent country rock 
also show the replacement texture.  In these grains, the texture can be striking, visible as 
numerous larger and typically interconnected blebs of feldspar that have replaced up to 
half of the original grain.  The texture decreases and disappears away from the 
protomylonite zone.   
A few shear sense indicators are present in both the mylonitic veneer and the 
protomylonite zone and all suggest a top-to-the-south sense of shear (Figure 3.20B).  The 
most obvious shear sense indicator is inclined recrystallized quartz.  Subtle domino 
feldspars and δ-type and σ-type mantled feldspar porphyroclasts are also present. 
3.3.5 Interpretation 
The common discrete shear zones described in sections 3.3.1 and 3.3.2 contain the 
same metamorphic mineral assemblage as the adjacent country rock (i.e., the northern 
country rock).    Some of these minerals, such as titanite, epidote, and opaque minerals, 
are locally abundant near the central epidote veins in the discrete shear zones 
characterized by a central vein, bleached halo, and flanking paired shear zones 
morphology (Figure 3.12).  Biotite, and more rarely, epidote, garnet, or titanite, are 
associated with the non-symplectic oligoclase replacement product, and biotite and garnet 
are more plentiful in the flanking paired shear zones than in the bleached haloes and the 
country rock.  All of the more common discrete shear zones contain myrmekite and non-
symplectic oligoclase replacement of feldspar, but these features are particularly 
widespread in the shear zones with the central vein, bleached halo, and flanking paired 
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shear zones morphology.  These replacement products appear to be responsible for the 
bleached appearance of the bleached haloes. 
Most of the common discrete shear zones show evidence for lattice reorientation 
of quartz (into long thin ribbon grains; Figure 3.8A), and a few of the samples contain 
evidence of lattice reorientation of feldspar (into elongate grains; Figure 3.17D).  All of 
the samples show evidence for predominantly GBM recrystallization in quartz and SGR 
recrystallization in feldspar with a smaller contribution of SGR recrystallization in quartz 
and BLG recrystallization or neocrystallization in feldspar (Figure 3.7).  The fine grained 
feldspar in the feldspar-rich matrix layers was likely formed primarily by SGR 
recrystallization.  Some of these matrix grains appear to have been further recrystallized 
by BLG recrystallization or were neocrystallized.  All of the shear zones indicate a top-
to-the-southwest sense of shear (Figures 3.7E, 3.8, 3.9A).   
Conversely, the sole, atypical discrete shear zone with a SE strike and a SW dip 
(section 3.3.3) and the mylonitized veneers on fractured surfaces (section 3.3.4) show 
evidence for predominantly SGR or BLG recrystallization in quartz and BLG 
recrystallization or neocrystallization in feldspar (Figure 3.20).   
3.4 STONE CORRAL RIDGE SHEAR ZONE ROCKS 
Nine samples were collected from the Stone Corral ridge shear zone, and these 
samples differ greatly in mineralogy, texture, and microstructure.  One of the samples, 
SCM-19, is a protomylonite that was collected on the northern (structurally lower) 
boundary of the Stone Corral ridge shear zone where the subhorizontal foliated country 
rocks transition into the strongly mylonitized rocks of the shear zone.  This sample has 
much in common with country rock samples, both mineralogically and microstructurally, 
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but also has some important differences.  The other eight samples are mylonites that vary 
in mineralogy and degree of strain.   
3.4.1 Protomylonitic Boundary Rock 
3.4.1.1 Mineralogy and texture 
 The protomylonite sample (SCM-19) is composed of feldspar porphyroclasts 
displaying varying degrees of recrystallization, long layers of elongate quartz grains, 
discontinuous bands of biotite, and scattered titanite, epidote, amphibole, and opaque 
minerals.  The sample is composed of ~62% feldspar, ~32% quartz, ~4% biotite (partially 
replaced by chlorite), ~1% epidote, and ~1% opaque minerals (Table 3.3).  Feldspar 
porphyroclasts average ~1-2 mm in length but may occur as large as ~4 mm.  Some 
feldspar porphyroclasts display minor alteration to sericite, biotite or fine grained 
optically unidentifiable products.  The quartz grains display a variety of sizes, but are all 
on the order of hundreds of microns.   
Myrmekite on potassium feldspar porphyroclasts is widespread, occurring on 
most grains.  The degree of myrmekite consumption of the feldspar grains is, however, 
highly variable.  Epidote occurs as subhedral to euhedral grains ranging from ~200 μm to 
~1 mm in length.  Some epidote exists as rims on allanite cores and some is symplectic 
with quartz intergrowths (Figures 3.2C, 3.3C).  Titanite grains range in size from ~100-
400 μm in length (Figure 3.2C; see also Figure 8.7C).  Opaque minerals are anhedral to 
subhedral and are on the scale of hundreds of microns in length.    
3.4.1.2 Microstructures 
Both the quartz that composes the bands and the framework feldspar 
porphyroclasts display sweeping undulatory extinction.  Where the quartz bands consist 
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of larger, less elongated grains, the grains exhibit a moderate CPO.  Conversely, where 
the quartz grains are elongated into thin shear bands, the grains exhibit a very strong 
CPO.  Many feldspar porphyroclasts are also highly fractured. 
Quartz has very sinuous boundaries.  Many grains exhibit finger-like protrusions 
into other grains.  In some of the small C’-type shear bands that crosscut the foliation, 
similar to those in the country rock samples (Figure 3.2C), more highly strained, elongate 
quartz grains grade into subgrains and then into new grains that are similar in size to the 
subgrains. Titanite and epidote grains are also found along the bands or adjacent to them 
(Figure 3.2C). 
Many of the feldspar porphyroclasts grade into subgrains on their boundaries and 
then into new grains on their borders that are of similar size and optical orientation as the 
subgrains.  This recrystallization varies in degree from minor to nearly complete.  In 
porphyroclasts where recrystallization is near complete, extensive traces of myrmekite 
are present, suggesting that the presence of myrmekite may have been required for such 
near complete recrystallization.  Additionally, a smaller amount of the recrystallized 
feldspar forms masses of very fine grained, grungy grains of similar optical orientation.  
Small C’-type shear bands are comprised largely of these very fine grained feldspars 
(Figure 3.2C).  
Many of the epidote and epidote-allanite grains have undergone brittle 
deformation.  These grains appear to have been fractured and some were boudinaged.  
One of the boudinaged grains has quartz between the separated pieces. 
Several shear sense indicators are present in the sample that suggest a top-to-the-
northeast sense of shear, which include σ-type mantled feldspar porphyroclasts and a 
boudinaged epidote-allanite grain, which has an “s”-shaped form.  The C’-type shear 
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bands are oriented at ~30-35° to the foliation and also show a top-to-the-northeast sense 
of shear (Figure 3.2C). 
3.4.2 Mylonites 
3.4.2.1 Mineralogy and texture 
The modal mineralogy of the muscovite-absent and muscovite-poor samples 
varies from ~60-74% feldspar, ~21-33% quartz, ~3-11% biotite (some altered to 
chlorite), and up to ~2% opaque minerals (Table 3.3). Most of the samples contain a trace 
amount of some of the metamorphic minerals that are common in the northern country 
rocks and discrete shear zones.  This assemblage is defined by epidote, titanite, apatite, 
biotite, opaque minerals, and garnet.  The full metamorphic assemblage is only 
widespread in two samples (H3 and SCM-20), both of which were collected from the 
northern part of the shear zone (Figures 2.1, 2.2), although another sample (HAR-5a) 
contains abundant metamorphic titanite and biotite.  One of the samples, B-3, is very 
different from the others because of its high muscovite content (Figure 3.21).  This 
sample is composed of ~48% feldspar, ~30% quartz, ~17% muscovite, and ~4% biotite 
(Table 3.3).    
Some of the samples are characterized by intermixed layers of fine grained 
feldspar and quartz of similar size (~10-50 μm) that alternate with layers of medium 
grained (~50-250 μm) quartz (Figure 3.22A).  All layers contain abundant interspersed 
wispy, aligned biotite grains ~10-30 μm in length. Less commonly, biotite is present as 
larger grains ~100-200 μm in length that are partially, and in some cases almost entirely, 
replaced by chlorite.  Large feldspar porphyroclasts (~0.5-3 mm) are present throughout 
the rocks (Figures 3.22A, 3.23A).  In some of the other samples, the feldspars tend to be 
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less recrystallized, and feldspar porphyroclasts may reach larger grain sizes of up to 
several millimeters. 
The mica-rich sample, B-3, is characterized by undulating and commonly 
discontinuous ribbons of medium grained (~100-600 μm) quartz, layers rich in large (~1-
2 mm) muscovite grains, and layers of large (~1-2 mm) feldspar porphyroclasts separated 
mostly by finer grained (~10-50 μm) feldspar, and less commonly by medium sized 
(~100-500 μm) grains of quartz (Figure 3.21).  Thin, wispy, interconnected muscovite 
grains are common throughout the sample.  Biotite is also present as wispy bands and as 
subhedral grains up to ~300 μm in length.  Many of the feldspar porphyroclasts in the 
sample are clustered or form trains.  Some of the feldspar porphyroclasts are elongate in 
the direction of foliation (Figure 3.21A).  
In some samples, the feldspar and quartz in the finer grained feldspar-rich layers 
are relatively uniform in both size and shape (Figure 3.22A), whereas in other samples, 
grain size is much more variable from both layer to layer and within each layer, and 
quartz matrix grains tend to be much larger than feldspar. Mica is common in all samples 
as an alteration product within the feldspar porphyroclasts and within the fine grained 
feldspar.  In some of the samples, biotite is the most common mica alteration product, 
whereas in other samples, sericite is the most common alteration product.   
In the two samples collected from the northern part of the shear zone that contain 
the extensive metamorphic mineral assemblage (samples SCM-20 and H3), epidote 
grains are up to ~0.5 mm in length, subhedral to euhedral in shape, and are commonly 
present in the feldspar-rich layers.  Some of the grains are wrapped by mica folia and are 
slightly elongate in the direction of foliation.  Several epidote grains display Carlsbad 
twinning.  Other epidote grains are associated with extensively recrystallized feldspar 
porphyroclasts or myrmekite-rich areas.  Many of these epidote grains are patchy in 
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appearance and are present in the cores of recrystallized porphyroclasts, suggesting they 
are reaction products.  Epidote is occasionally found in contact with titanite and opaque 
minerals (Figure 3.4B).  Rare symplectic quartz-epidote grains are also present (Figure 
3.3D).  Additionally, rare epidote veinlets ~1 mm in length crosscut the foliation at nearly 
right angles.  Epidote is rare or absent in the other samples (i.e., those collected from the 
central and southern parts of the shear zone). 
In all samples, subhedral to euhedral oxide minerals are well distributed 
throughout the rocks and are ~10-50 μm in size.  In some samples, titanite grains are also 
distributed throughout the rock and are sometimes found near the edges of feldspar 
porphyroclasts that have undergone significant recrystallization.  Titanite is euhedral in 
shape and commonly fish-shaped (Figure 3.9B; see also Figure 8.7E-F).  The grains are 
~0.5-1 mm in length and are commonly found clustered and in trains.  The grains are 
elongate in the direction of foliation and wrapped by biotite folia.  In B-3, rare garnet is 
present as subhedral grains up to ~1 mm in size.  In the samples H3 and SCM-20, garnet 
grains are clustered and form trains; individual grains in the trains are dismembered, 
broken, and pulled apart.  Sample H3 also contains minor fine grained (~10-50 μm) 
amphibole that is wrapped by biotite folia.  Much of the amphibole is almost fully 
replaced by biotite.   
3.4.2.2 Microstructures 
In all samples, many of the quartz grains display undulatory extinction, and 
together the grains display a strong CPO (Figure 3.22).  Some feldspar porphyroclasts 
also exhibit undulatory extinction, as well as subgrains (Figure 3.23).  Most 
porphyroclasts contain abundant fractures, and some include planes of fluid inclusions or 
altered material that may indicate healed microfractures.  The muscovite grains in B-3 
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also show undulatory extinction (Figure 3.21).  The grains are aligned parallel to the 
foliation, but also display slight bending across their lengths and some have fine 
recrystallized grains on their boundaries.   
In some of the samples, much of the quartz displays amoeboid textures, whereas 
other quartz has sharper, more polygonal boundaries (Figure 3.22).  Many of these 
boundaries are pinned by micas that likely impeded further growth of the grains, but 
some grains do appear to have overgrown micas.  In other samples, some of the quartz 
also displays amoeboid textures with sinuous grain boundaries, but a significant amount 
of quartz instead contains subgrains on its boundaries that grade into recrystallized new 
grains of similar size, shape, and optical orientation.   
Some of the samples contain a small number of feldspar porphyroclasts with 
fairly sharp grain boundaries, continuous extinction, and with no subgrains present, but 
most of the feldspar porphyroclasts appear to have undergone moderate to large amounts 
of recrystallization, as evidenced by blurry and serrated boundaries and/or the presence of 
subgrains on boundaries and interiors.  These porphyroclasts have small subgrains on 
their boundaries that transition into new grains with a simultaneous gradation in degree of 
lattice orientation.  Figure 3.23 shows the full range of the degrees of recrystallization 
present in the porphryoclasts, from minimum recrystallization (e.g., the top grain in 
Figure 3.23A) to possibly complete recrystallization (Figure 3.23D). Masses of very fine 
grained, grungy looking feldspar are also present to a minor degree.  In other samples, 
this relationship is reversed.  The majority of feldspar porphyroclasts have masses of very 
fine grained grungy feldspar near their rims, and a lesser (but still significant) number of 
porphyroclasts have subgrains that transition into new grains of similar size, shape, and 
optical orientation. Similarly, the fine grained feldspar-rich layers contain more very fine 
grained grungy feldspar than do the other samples.   
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The abundance of myrmekite on porphyroclast boundaries may have also greatly 
enhanced the amount of recrystallization in many of the samples.  Myrmekite is 
particularly extensive throughout some of the samples, such as the two samples collected 
from the northern part of the shear zone (samples SCM-20 and H3) and the muscovite-
rich sample (B-3).  Whereas myrmekite is common on the foliation-parallel edges of 
porphyroclasts, the lobes are also quite pervasive on non-foliation edges, particularly in 
sample B-3.  Extensive recrystallization of myrmekite-rich parts of feldspar 
porphyroclasts may have led to complete or near complete recrystallization of some of 
the porphyroclasts (Figure 3.22B).  In B-3, minor flame perthite is also present on some 
porphyroclasts. 
Some of the fine grained feldspar layers contain characteristics reminiscent of 
myrmekite, such as lobe-shaped boundaries and remnants of tiny quartz vermicules, 
particularly in sample B-3 (Figure 3.22B).  Aside from these myrmekitic vestiges, few 
microstructures are visible in the feldspars of the finer grained layers in most samples. 
These grains exhibit fairly uniform extinction overall and do not show evidence of brittle 
deformation, so it is likely many of these grains formed as a result of recrystallization of 
former feldspar porphryoclasts.  In some of the samples, though, a minority of the fine 
grains have continuous or discontinuous undulatory extinction, suggesting some further 
deformation was recorded after recrystallization.  In these samples, both the quartz and 
the feldspar grains in the fine grained layers appear to have accommodated deformation 
similarly as they are very similar in size and shape, and are only optically distinguishable 
by their degree of alteration and their difference in relief (Figures 3.22A, 3.23). 
In sample H3, dilational microstructures are associated with many of the garnet 
grains.  Grains of euhedral garnet have been broken apart in the rock, and quartz fringes 
have grown in their pressure shadows.  In some cases, large quartz fibers that grew off 
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the garnet fragments can be discerned.  As the garnets were pulled apart, fluids in the 
rock must have collected in the dilation sites between the broken grains and precipitated 
the quartz.  Undulose extinction is apparent in some of the larger quartz grains; as the 
rigid garnets were pulled further apart, these quartz grains were no longer completely 
protected in their stress shadows, and underwent further deformation.   
Kinematic indicators are evident in all samples, but a consistent sense of shear is 
only provided by half of the samples.  In these samples, numerous feldspar 
porphyroclasts define subtle to obvious sigma-clasts with a top-to-the-southwest sense of 
shear. Two samples (SCM-20 and H3) contain titanite fish (Figure 3.9B; see also Figure 
8.7E-F), and another sample (HAR-5a) contains small feldspar fish that all indicate a top-
to-the-southwest sense of shear.  Some of the quartz bands contain grains that are 
elongate and inclined in a top-to-the-southwest direction, and one sample (HAR-5b) 
contains quartz-rich C’-type shear bands inclined in a top-to-the-southwest direction.   
In the rest of the samples, many of the microstructures are symmetric, and the 
microstructures that are asymmetric give both top-to-the-northeast and top-to-the-
southwest senses of shear.  For example, muscovite fish are common in sample B-3 but 
do not consistently indicate the same sense of shear (Figure 3.21B).  However, the shapes 
of several feldspar porphyroclasts together with their recrystallized tails have a very 
subtle σ-type appearance that may suggest a top-to-the-southwest sense of movement.  
3.4.3 Interpretation 
The protomylonite sample (SCM-19) and the two mylonite samples from the 
northern part of the shear zone (H3 and SCM-20) contain the same metamorphic mineral 
assemblage as the country rocks and the discrete shear zones in the northern part of the 
study area.  Sample HAR-5a is rich in titanite, but for the most part, the other samples 
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only contain trace amounts, if any, of the metamorphic minerals.  The two mylonite 
samples (H3 and SCM-20) with the full assemblage of metamorphic minerals are also 
significantly more strained than most of the other samples.   
The microstructures differ between the samples from the northern part of the 
shear zone and the samples from the central and southern parts of the shear zone as well.  
The quartz in the samples from the northern part of the shear zone is extensively 
recrystallized by GBM recrystallization, and the feldspar is extensively recrystallized by 
SGR recrystallization.  The quartz and feldspar in the fine grained layers are similar in 
size and shape, which is typical of high temperatures of deformation.  Conversely, in the 
central and southern parts of the shear zone, the quartz still shows evidence for GBM 
recrystallization but also shows evidence for SGR recrystallization.  Similarly, the 
feldspar still shows some evidence for SGR recrystallization, but also shows more 
evidence for BLG recrystallization or neocrystallization than the samples from the 
northern part of the shear zone.  These differences may suggest cooling occurred during 
deformation or more than one episode of deformation (see section 9.2.2.3 for further 
discussion).  The samples with ambiguous senses of shear may provide evidence for two 
periods of shear with opposite senses, or else they may indicate a significant coaxial 
component to the shear during one episode of deformation (see section 9.2.3 for further 
discussion).   
3.5 ISOLATED MYLONITIC SHEAR ZONES 
3.5.1 Mineralogy and Texture 
Three samples (B-5, B-9, and HAR-7) were collected from mylonitized rocks 
south of the Stone Corral ridge shear zone near the crest of Stone Corral ridge (Figures 
2.1, 2.2, 2.8F).  These samples were collected from isolated mylonitic outcrops ~0.5-1 
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meter thick.  All surrounding outcrops were foliated but not mylonitized.  The samples 
are composed of similar modal mineralogies, containing ~65-70% feldspar, ~25-32% 
quartz, and ~3-6% biotite (commonly replaced by chlorite; Table 3.3).  
The samples are characterized by fine grained feldspar-rich layers (with 
intermixed quartz) that are intermingled with larger grained quartz ribbons (Figure 3.24).  
Feldspar porphyroclasts are abundant.  In samples B-9 and HAR-7, the fine grained 
feldspar-rich layers and grains comprising the quartz ribbons are much finer grained than 
in B-5.  In these two samples, the fine grained feldspar grains are commonly only ~25 μm 
in size, whereas the fine feldspar grains in B-5 are ~100 μm.  The quartz grains in the 
quartz layers in samples B-9 and HAR-7 are elongate and ~50-100 μm in length, whereas 
those in B-5 are ~50-200 μm.  The feldspar porphyroclasts in all samples are variable in 
size, ranging from ~250 μm to several mm in length, and some grains are moderately 
altered to sericite.  Biotite exists as thin, wispy, foliation-parallel bands in samples B-9 
and HAR-9, and as minor larger grains up to 400 μm in length in sample B-5.  Most of 
the biotite grains in sample B-5 are partially or fully replaced by chlorite.   
3.5.2 Microstructures 
In two of the samples (B-9 and HAR-7), sweeping undulatory extinction of quartz 
is widespread.  The quartz grains in these samples are extremely long, thin and appear 
attenuated (Figure 3.24B).  The quartz has an extremely strong CPO.  The quartz in 
sample B-5 also has a strong CPO, although not as pronounced as that in the other 
samples.  Some of the feldspar grains in all samples display patchy undulatory extinction.  
Fracturing and microfracturing of feldspars is extensive.   
The quartz grain boundaries in the samples are slightly blurry because of the finer 
grain size and larger number of subgrains.  Most of the grains show an obvious transition 
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from subgrains on the edges of old grains to bordering new grains of similar size (Figure 
3.24B).  Most of the grains and subgrains in the samples are very elongate, although a 
few rare layers in sample B-5 contain recrystallized subpolygonal to polygonal grains.  
Although the morphology of this quartz is much different, subgrains that are similar sizes 
as the new surrounding grains are also plentiful in these layers.   
A small number of the feldspar porphyroclasts in the samples have a few 
subgrains on their boundaries that transition into new grains of similar size, shape, and 
optical orientation as the subgrains.  However, the majority of the feldspar porphyroclasts 
have very fine grained, grungy masses of grains present on some boundaries, and much 
of the feldspar in the fine grained feldspar layers also looks extremely grungy (Figure 
3.24).    
Myrmekite is uncommon in all samples.  In sample B-9, the only myrmekite 
evident is almost completely enclosed within a feldspar porphyroclast.  The high strain 
experienced by the rock may have destroyed all deformation-induced myrmekite as soon 
as it formed since myrmekite recrystallizes readily during deformation, or alternatively 
and perhaps more likely, the conditions weren’t favorable for myrmekite formation.  The 
rare myrmekite that does exist in the rock may be a remnant of an earlier fabric, and the 
location of the myrmekite (enclosed in porphyroclasts) protected it from destruction 
during subsequent deformation.    
The sense of shear suggested by the microstructures in the samples is top-to-the-
northeast (Figure 3.24A).  The kinematic indicators in B-9 are widespread and 
unequivocal, whereas those in the other two samples are more subtle.  In sample B-9, σ-
type feldspar porphyroclasts, oblique recrystallized quartz grains, and normal microfaults 
all indicate a top-to-the-northeast sense of shear.  The microfaults crosscut the foliation 
and must have occurred after the mylonitization.  In the other samples, several σ-type 
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feldspar porphyroclasts also suggest a top-to-the-northeast sense of shear.  Some broken 
feldspar porphyroclasts appear to have been rotated like dominos in a top-to-the-northeast 
direction, and in some areas in sample B-5, the recrystallized subpolygonal quartz grains 
are very subtly elongated and inclined in a top-to-the-northeast direction (see Figure 4.5).   
3.5.3 Interpretation 
The extremely long, thin, and attenuated appearance of the quartz grains in a 
couple of the samples suggests very high strain and significant lattice reorientation.    The 
samples show compelling evidence that SGR recrystallization was the dominant 
recrystallization mechanism in quartz, and BLG recrystallization was the dominant 
recrystallization mechanism in feldspar.  Alternatively, much of the fine grained feldspar 
may have been neocrystallized.  The samples also show clear evidence for a top-to-the-
northeast sense of shear, rather than the top-to-the-southwest sense of shear seen in the 
discrete shear zone mylonites in the northern part of the study area and in some of the 
Stone Corral ridge shear zone mylonites.  These samples also lack the metamorphic 
mineral assemblage of the other shear zones and the northern country rocks, and they 
lack the extensive myrmekite seen in the other shear zones and the country rocks 
(including the adjacent southern country rocks that host the isolated shear zones).   
3.6 MYLONITES FROM EAGLE EYE MOUNTAIN 
3.6.1 Mineralogy and texture 
Three mylonitic samples from near the detachment fault at Eagle Eye Mountain 
were collected for comparison with the mylonitic samples of the Stone Corral area 
(Figure 1.3).  The modal mineralogy differs greatly among the three samples.  Sample 
HQ-E contains ~35% feldspar, ~25% quartz, ~30% white mica, ~5% opaque minerals, 
and ~5% chlorite.  Sample HQ-F contains ~79% feldspar, ~15% quartz, ~5% white mica, 
 85 
and ~1% opaque minerals, and sample HQ-G contains ~59% feldspar, ~26% quartz, and 
~15% white mica (Table 3.3).  HQ-G contains trace amounts of opaque minerals, and all 
three samples contain trace amounts of epidote.  The fine grained nature of the majority 
of the feldspar in the samples makes it difficult to estimate the amount of potassium 
feldspar versus plagioclase feldspar, but the majority of the larger feldspar porphyroclasts 
are potassium feldspar. 
The grain sizes of various minerals and the overall morphology differ among the 
samples.  Sample HQ-E is overall very fine grained.  Almost all of the feldspar has been 
recrystallized into fairly uniform grains ~10 μm in size (Figure 3.25).  A few angular 
clasts ~150 μm are present but are overgrown by numerous flakes of white mica.  The 
quartz in the sample is present in discontinuous bands and isolated clast-like pods and is 
larger grained than the other minerals.  Long ribbon grains in the bands average ~300-
400 μm in length but can be as long as ~850 μm.  The width of the bands is ~100-150 
μm.  The quartz in the pods is also elongate but to a much lesser degree (Figure 3.25A).  
It also averages ~300-400 μm in length but is thicker than the quartz bands at ~250 μm in 
width.  The white mica in the rock exists as both widespread, continuous, very fine 
grained layers parallel to (and partly defining) the foliation, and as numerous large single 
grains ~400-450 μm in length (Figure 3.25B).  The opaque minerals are elongate, 
rounded, and parallel to foliation.  They range in length from ~100-350 μm.  Chlorite is 
widespread and extensively interspersed in the fine grained recrystallized feldspar layers, 
forming an interconnected framework.  
  Sample HQ-F is coarser grained than sample HQ-E.  The feldspar is present both 
as large, angular porphyroclasts ranging from ~150-650 μm in length, and as fine grained 
recrystallized masses surrounding the porphyroclasts and filling the  interstices between 
porphyroclasts that appear to be broken apart and slightly separated.  The quartz is 
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present as long ribbons ~500-750 μm in length and as finer grains in discontinuous bands 
interspersed in the fine grained feldspar masses.  The white mica is very fine grained and 
forms continuous undulating bands.   
Sample HQ-G contains abundant angular to subangular feldspar porphyroclasts 
~150-500 μm in length.  Many of the porphyroclasts are closely spaced with fine grained 
masses of recrystallized feldspar grains between them.  Similar recrystallized feldspar 
masses also form fine grained layers in the sample.  The quartz is present as fairly equant, 
rectangular grains in long continuous bands.  The grains range from ~150-750 μm in 
length and are ~100-250 μm in width.  The white mica is present as very fine grained 
specks that together form bands that appear to have grown around and through the fine 
grained feldspar layers.   
3.6.2 Microstructures 
Despite the differing modal mineralogy and textures in the three samples from 
near the detachment fault, the microstructures present are very similar and suggest similar 
deformation conditions.  The quartz in all three samples displays continuous undulatory 
extinction and a CPO, which is moderate in samples HQ-E and HQ-G and strong in 
sample HQ-F.  Some of the feldspars display discontinuous undulatory extinction, and 
many of the feldspars are highly fractured.  In sample HQ-G, some of the fractured 
feldspars have quartz within the fractures.   
Samples HQ-E and HQ-F contain old quartz grains that transition into subgrains 
on their boundaries and then into new neighboring grains of similar size, shape, and 
optical orientation, but sample HQ-G shows this feature to only a very small degree in 
isolated areas.  All three samples also show examples of quartz grains with small bulges 
along their boundaries that protrude into neighboring quartz grains (Figure 3.25A).  New 
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grains of similar size, shape, and optical orientation as the bulges are also present on the 
grain boundaries.  The quartz layers in sample HQ-G are composed of large, rectangular 
grains.  These grains also show small bulges on their boundaries that protrude into 
neighboring grains.  The boundaries look finely serrated at high magnification, and 
adjacent new grains that are the same size as the protrusions are also present.   
Many of the feldspar porphyroclasts in all three samples have boundaries that 
appear to blur into grungy masses of very fine grained feldspar of similar optical 
orientation that make up a large percentage of the samples, and that comprise almost all 
of the feldspar present in sample HQ-E.  A small number of feldspar porphyroclasts 
contain flame perthite, but no myrmekite is present.   
Very pronounced shear sense indicators are present in samples HQ-E and HQ-F.  
In sample HQ-E, mica fish (Figure 3.25B), pods of quartz grains forming σ-like clasts, 
isolated quartz fish, and C’-type shear bands defined by fine grained white mica imply a 
clear top-to-the-northeast sense of shear.  In sample HQ-F, feldspar pieces rotated like 
dominos, pods of feldspar grains forming subtle σ-like clasts, quartz fish, and obvious C’-
type shear bands defined by fine grained white mica bands also suggest a top-to-the-
northeast sense of shear.  Sample HQ-G does not contain any straightforward kinematic 
indicators. 
3.6.3 Interpretation 
The microstructures present in the Eagle Eye samples indicate that BLG and SGR 
recrystallization were both important recrystallization mechanisms in quartz, and that 
BLG recrystallization and/or neocrystallization were important processes affecting the 
feldspars.  The top-to-the-northeast sense of shear in the samples is consistent with the 
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sense of shear displayed by the mylonites in the isolated shear zones near the crest of 
Stone Corral ridge (Figures 3.24A, 3.25B; see also Figure 4.5).   
3.7 DISCUSSION: DEFORMATION TEMPERATURES 
The mylonites of the Stone Corral study area display differing mineralogy, 
textures, and microstructures that suggest more than one deformation episode must have 
occurred.  The northern country rock underwent deformation and metamorphism that 
resulted in the development of a poorly developed, locally protomylonitic gneissic 
foliation.  The quartz in this foliation recrystallized predominantly by GBM 
recrystallization, and the feldspar recrystallized predominantly by SGR recrystallization 
(Figures 3.1C-D, 3.5).  These recrystallization mechanisms are typical of temperatures 
>500 °C (Stipp et al., 2002; Tullis, 2002).  The metamorphic mineral assemblage of these 
rocks is composed of epidote, titanite, biotite, opaque minerals, apatite, and garnet 
(Figure 3.4A).  Myrmekite is also widespread (Figure 3.1A).  
The quartz and feldspar in the discrete shear zones in the northern part of the 
study area and the mylonites located at the base (i.e., northern part) of the Stone Corral 
ridge shear zone also recrystallized predominantly by GBM and SGR recrystallization, 
respectively (Figures 3.7, 3.13, 3.22A, 3.23).  These mylonites share the same 
metamorphic mineral assemblage as the northern country rocks (Figure 3.4).  The 
mylonites also are greatly affected by myrmekite replacement textures and by a non-
symplectic oligoclase replacement texture that is particularly well developed in the shear 
zones affected by bleaching, and is likely the main cause for the bleached appearance 
(Figures 3.14-3.16, 3.19).  Overall, the recrystallization mechanisms of quartz and 
feldspar and the mineralogy of the rocks (i.e., extensive myrmekite, symplectic epidote, 
amphibole that is green in plane polarized light, and synkinematic growth of garnet and 
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biotite) suggest temperature conditions of >500 °C for both the country rocks and the 
mylonites, which is typical of amphibolite-facies conditions.  
Conversely, the atypical discrete shear zone quartz vein sample (SCM-4) has 
recrystallized almost entirely by SGR recrystallization (Figure 3.20A).  SGR 
recrystallization of quartz is typical of deformation temperatures between ~400-500 °C 
(Stipp et al., 2002), and therefore this shear zone may have formed at a lower temperature 
than the amphibolite facies shear zones.  Alternatively, the SGR recrystallization may be 
due to a higher strain rate.   
The mylonitized veneers on the fractured surfaces also appeared to have formed at 
lower temperature conditions because the quartz recrystallized predominantly by BLG 
recrystallization and feldspar recrystallized predominantly by BLG recrystallization or 
was neocrystallized (Figure 3.20B).  Additionally, the country rock foliation is crosscut 
by the fabric rather than reoriented into parallelism as in the amphibolite facies discrete 
shear zones.  These features suggest the veneers formed at greenschist-facies conditions, 
consistent with Miocene metamorphic core complex deformation.  These shear zones, 
however, are found above and subparallel to a <1 mm thick protomylonite zone that 
likely formed at amphibolite-facies conditions.  Some of the feldspar in this zone 
appeared to have recrystallized by SGR recrystallization, and much of the feldspar is 
affected by the non-symplectic oligoclase replacement texture (and less commonly by 
myrmekite).  This texture is also extensive in the immediately adjacent country rock and 
decreases in intensity away from the protomylonite zone.  This texture is characteristic of 
the amphibolite facies mylonites and is responsible for the bleached haloes found in some 
of the discrete shear zones.  Therefore, the protomylonite zone likely developed at 
amphibolite-facies conditions during the Late Cretaceous and was reactivated during 
greenschist-facies conditions during the Miocene to form the mylonitized veneers.  The 
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possibility that the veneers formed during amphibolite-facies conditions at very high 
strain rates cannot be ruled out, however, without more study. 
Some of the mylonites in the Stone Corral ridge shear zone display the same 
quartz and feldspar recrystallization microstructures and contain the same metamorphic 
mineral assemblage as the country rocks and amphibolite facies discrete shear zone 
mylonites (Figures 3.4B, 3.22, 3.23).  These mylonites thus also likely formed during 
amphibolite-facies conditions.  Other mylonites in this shear zone, however, display 
slightly different quartz and feldspar recrystallization microstructures, and also lack the 
metamorphic mineral assemblage.  The quartz in these samples still shows 
recrystallization by GBM but also shows more recrystallization by SGR than the other 
samples.  The feldspar also still shows some recrystallization by SGR but has been more 
affected by BLG recrystallization or neocrystallization than the amphibolite facies 
samples.  These recrystallization mechanisms suggest deformation temperatures of ~450-
550 °C, typical of upper greenschist-facies or lower amphibolite-facies conditions (Stipp 
et al., 2002; Tullis, 2002).  
The isolated mylonites south of the Stone Corral ridge shear zone show strikingly 
different recrystallization microstructures than the other samples.  The quartz in these 
highly strained samples has undergone extensive SGR recrystallization, and the feldspars 
have undergone extensive BLG recrystallization or neocrystallization (Figure 3.24), 
suggestive of deformation temperatures of ~400-500 °C, typical of greenschist-facies 
conditions (Stipp et al., 2002; Tullis, 2002).  These samples also lack the metamorphic 
mineral assemblage of the amphibolite facies mylonites and country rocks.   
The mylonite samples of Eagle Eye Mountain contain quartz that has 
recrystallized by both BLG and SGR recrystallization (Figure 3.25A).  The prevalence of 
grains recrystallized by both of these mechanisms suggests that the mylonites were at 
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transitional deformation conditions in which BLG was the dominant recrystallization 
mechanism, but SGR recrystallization was still very active, perhaps between ~350-400 
°C (Stipp et al., 2002).  Although BLG recrystallization of feldspars does not tend to 
occur below ~400°C (Tullis, 2002), neocrystallization may be active down to ~250 °C if 
fluid is present (Fitz Gerald and Stünitz, 1993).  The very fine grained feldspar in these 
samples, therefore, may have been more affected by neocrystallization than BLG 
recrystallization (Figure 3.25).  The recrystallization mechanisms and the likely 
temperatures of deformation are consistent with the conditions during Miocene 
detachment fault mylonitization.  Interestingly, however, the large, rectangular quartz 
grains seen in sample HQ-G are typically indicative of relatively high temperatures of 
deformation.  This feature may have developed during an earlier event that affected this 
sample, but the strong evidence for BLG recrystallization on the boundaries of these 
grains suggests they were overprinted by a lower temperature deformation event (i.e., 
detachment faulting).    
The petrographic characteristics of the samples from the numerous shear zones 
throughout the study area and from Eagle Eye Mountain indicate that at least two 
different episodes of mylonitization are represented in the Harquahala metamorphic core 
complex.  One episode occurred at amphibolite-facies conditions, and the other occurred 
at greenschist-facies conditions.  The details and implications of this are discussed 







   
 
       
Figure 3.1: Photomicrographs of the northern country rock.  A) Feldspar, some of which 
is rimmed by myrmekite and some of which is crosscut by epidote veinlets; 
sample SCM-6; B) Foliation is defined by layers rich in feldspar 
porphyroclasts and layers rich in quartz. Red arrows point to amphibole 
partially replaced by biotite; sample HQ-D; C-D) Same area, but stage is 
rotated in D to emphasize SGR recrystallization on the edges of the feldspar 
porphyroclasts. Red arrows point to a biotite grain for a reference point. 
Note the replacement of feldspar by biotite and the extensive fracturing of 











   
 
   
Figure 3.2: Photomicrographs of discrete shear bands in the northern country rock and 
the Stone Corral ridge shear zone protomylonite. Red arrows point to 
titanite. The small circles in the titanite grains in C, D are laser ablation pits 
formed during U-Pb dating.  A) BLG recrystallization or neocrystallization 
of feldspar along narrow shear bands; sample HQ-D; B) Deflection of quartz 
grains into narrow shear band with SGR recrystallization of quartz. Note 
symplectic epidote on edge of a feldspar porphyroclast; sample SCM-6; C) 
Titanite and symplectic epidote along a shear band. Note BLG 
recrystallization or neocrystallization of feldspar along the band; sample 











   
   
   
Figure 3.3: Photomicrographs of symplectic epidote.  From samples: A, B) Country 
rock; sample SCM-6; C) Protomylonite; sample SCM-19; D) Stone Corral 
ridge shear zone mylonite; sample H3; E) Discrete shear zone mylonite; 














   
   
 
   
Figure 3.4: Photomicrographs of metamorphic minerals in country rock and mylonitic 
samples in the northern part of the study area. A) Symplectic epidote, 
titanite, biotite and opaque minerals in country rock; sample SCM-6; B) 
Epidote, titanite, and an opaque mineral in Stone Corral ridge shear zone; 
sample SCM-20; C-D) Epidote, titanite, garnet, and opaque minerals from 
discrete shear zone; sample HAR-16; E) Epidote, titanite, garnet, and 
opaque minerals from discrete shear zone; sample HAR-52; F) Garnet, 














   
Figure 3.5: Photomicrographs of quartz in the northern country rock.  The sinuous 
boundaries are characteristic of GBM recrystallization. Samples: A) SCM-6; 
B) H2. 
   
   
Figure 3.6: Photomicrographs of quartz and feldspar in the southern country rock. A) 
Feldspar with myrmekite that is partially recrystallized; sample B-4; B) 
Flame perthite in feldspar; sample B-28. C) GBM recrystallization in quartz; 















   
   
 
   
Figure 3.7: Photomicrographs of feldspar in the discrete shear zones.  A) 
Recrystallization of myrmekite; sample HAR-53; B-D) SGR 
recrystallization of feldspar; sample HAR-53; E) SGR recrystallization of 
fractured feldspar porphyroclast with top-to-the-left (SW) sense of shear. 
Note abundant biotite in fine grained feldspar-rich matrix; sample H1; F) 
SGR recrystallization and BLG recrystallization on the edge of a feldspar 

















   
   
Figure 3.8: Photomicrographs of kinematic indicators in the discrete shear zones. A) 
Quartz ribbon grain above a biotite fish with top-to-the-left (SW) sense of 
shear; sample HAR-53. B) Oblique quartz grain shape fabric indicating a 
top-to-the-left (SW) sense of shear. Biotite is abundant, and quartz and 
feldspar are similar sizes in the fine grained feldspar-rich layers; sample H1; 
C) σ-type amphibole porphyroclast with a top-to-the-left (SW) sense of 
shear; sample H1; B) C’-type shear bands with a top-to-the-left (SW) sense 














   
Figure 3.9: Photomicrographs of titanite fish in mylonites.  Fish indicate a top-to-the-
left (SW) sense of shear.  A) Train of titanite fish and epidote in a biotite-
rich layer in a discrete shear zone. The small circles in the titanite grains are 
laser ablation pits formed during U-Pb dating; sample H1; B) Stone Corral 
ridge shear zone; sample H3.   
 
 
    
Figure 3.10: Photomicrographs of epidote in central veins in less developed discrete 
shear zones. A) Apparent vein comprised of epidote replacement of 
plagioclase along a central fracture. Fracture is traced in white dotted line. 
Subhorizontal country rock foliation is preserved; sample HQ-C; see field 
photograph Figure 1.5A; B) Nearly undeformed epidote vein with 










   
 
   
Figure 3.11: Photomicrographs of deformed epidote in central veins in well-developed 
discrete shear zones. A) Folded epidote grain in vein; sample SCM-51; see 
field photographs in Figure 2.9E-F; B) Fibers connecting pulled apart 
epidote grains in vein; note subgrains; sample SCM-51; see field photograph 
in Figure 2.9D; C) Broken epidote vein grains; sample HAR-16; see field 
and hand sample photographs in Figures 1.5G, 2.14C; D) Subgrains in an 













   
Figure 3.12: Photomicrographs of highly altered zone adjacent to the epidote vein in a 
discrete shear zone; sample SCM-51.  Feldspar in zone is fully recrystallized 
and highly sericitized.  Larger titanite grains are circled in yellow.  The 

















   
 
   
Figure 3.13: Photomicrographs of quartz in central veins in discrete shear zones. Quartz 
has lobate boundaries indicating GBM recrystallization.  A-B) Pockets of 
vein quartz in epidote-rich vein have undergone minor recrystallization; 
samples HAR-16, HAR-52; C-D) Elongate recrystallized vein quartz and 
thin aligned layers of mica comprise an S-C fabric with a top-to-the-left 













   
   
 
     
Figure 3.14: Photomicrographs of progressive increases in recrystallization and biotite 
content across the transition from bleached haloes to flanking paired shear 
zones. Note the extensive recrystallization of the feldspar grains affected by 
myrmekite and non-symplectic oligoclase replacement.  A-B) Partially 
recrystallized feldspar porphyroclasts in a bleached halo; sample HQ-C; C-
D) Recrystallization in the transition zone between the bleached halo and 
flanking shear zone; sample HAR-16; E-F) Extensively recrystallized 
feldspar and through-going biotite bands in flanking shear zones; samples 


















   
   
Figure 3.15: Photomicrographs of myrmekite and non-symplectic oligoclase replacement 
of potassium feldspar.  Darker gray interference colors are potassium 
feldspar and lighter gray colors are oligoclase.  Biotite is commonly found 
within the oligoclase patches. A-B) Oligoclase has a patchy replacement 
pattern in potassium feldspar; samples HAR-16, HQ-B; C-D) Oligoclase has 














    
   
 
   
Figure 3.16: Photomicrographs of albite and microcline twinning in potassium feldspar 
grains that are partially replaced by oligoclase. In A, C, and E, oligoclase 
displays a lighter gray interference color, whereas K-feldspar displays a 
darker gray interference color.  B, D, and F show the same grains as A, C, 
and E, respectively, but are rotated to show twinning.  Red arrows point to 
albite twinning and yellow arrows point to microcline twinning.  Note 














   
 
   
Figure 3.17: Photomicrographs of S-C and S-C’ fabrics in discrete shear zones.  The 
fabrics indicate a top-to-the-left (SW) sense of shear.  A) S-C fabric in the 
bleached portion of a shear zone; sample HAR-55; B-D) S-C’ fabric in the 
sheared portion of an incipient shear zone.  Feldspar σ-type porphyroclast in 
B indicates a top-to-the-left (SW) sense of shear. Fractured feldspar 

























     
   
Figure 3.18: Photomicrographs of various stages of biotite-rich C’-type shear band 
development in an incipient shear zone; sample HQ-C.  Southwest is to the 
top-left. Note BLG recrystallization of feldspar adjacent to biotite-rich 
bands. A) C’-type shear bands crosscut sub-horizontal quartz layers in the 
country rock foliation where the shear bands are few in number and widely 
spaced. Compare to Figure 3.17C where shear bands are closely spaced and 
the subhorizontal quartz in the country rock foliation is reoriented to parallel 
the shear bands. B) C’-type shear bands crosscutting subhorizontal country 
rock foliation (lower right). Where bands are closely spaced, the interstitial 
fabric is much more recrystallized; C) The S-C’ fabric is lost where shear 
bands are numerous and closely spaced and recrystallization of the 
intermediary rock is pervasive; D) In the most deformed part of the discrete 
shear zone, biotite is abundant, recrystallization of all minerals is extensive, 
and a new fabric is developed. Compare to well-developed flanking paired 












   
Figure 3.19: Photomicrographs of deflected myrmekite on the edges of feldspar 
porphyroclasts.  Myrmekite is deflected in a top-to-the-left (SW) sense.  
Arrows point to lobes with clearly bent quartz vermicules; sample HQ-C. 
 
   
Figure 3.20: Photomicrographs of mylonites from uncharacteristic discrete shear zones in 
the northern part of the study area.  A) Mylonitized quartz vein from the 
atypical shear zone in an unusual orientation. Quartz has undergone 
extensive SGR recrystallization. Ribbons indicate a top-to-the-left (SW?) 
sense of shear; sample SCM-4; B) Sharp boundaries between country rock 
and protomylonite zone (dashed red line), and between protomylonite zone 
and a mm-scale mylonitized veneer found on a fractured surface (dashed 
yellow line). The dashed blue line is the boundary of the sample. Very fine 
grained feldspar in the mylonitized shear zone is grungy looking, and likely 
recrystallized from BLG recrystallization or was neocrystallized. Note 
feldspar σ-type porphyroclasts indicating an apparent top-to-the-left (S) 











      
Figure 3.21: Photomicrographs of muscovite-rich mylonite from the Stone Corral ridge 
shear zone; sample B-3. Muscovite displays undulatory extinction and is 
bent.  Muscovite fish in B indicates a top-to-the-right (NE) sense of shear, 
although its orientation may be affected by the feldspar porphyroclast. Note 
some feldspar porphyroclasts in A are elongate parallel to foliation.   
 
   
Figure 3.22: Photomicrographs of quartz and feldspar in the Stone Corral ridge shear 
zone.  A) Quartz grains in the bands display lobate boundaries typical of 
GBM recrystallization or straight boundaries typical of normal grain growth. 
Quartz grains in the fine grained feldspar-rich layers are similar in size to 
the feldspar grains; sample H3; B) Quartz grains display discontinuous 
undulatory extinction and lobate boundaries typical of GBM 
recrystallization. Much of the fine grained feldspar is recrystallized 











   
 
   
Figure 3.23: Photomicrographs of various degrees of feldspar recrystallization in 
mylonite from the Stone Corral ridge shear zone; sample H3. Note that 
quartz and feldspar grains in the fine grained layers are similar in shape and 
size. A) Minor SGR recrystallization on the edge of a feldspar 
porphyroclast; B) Moderate SGR recrystallization of a feldspar 
porphyrclast; C) Near complete SGR recrystallization of a feldspar 
porphyroclast; D) Fine grained feldspar of similar size, shape, and optical 














     
Figure 3.24: Photomicrographs of quartz and feldspar in the isolated shear zones near the 
crest of Stone Corral ridge. Finer grained layers are characterized by SGR 
recrystallization of quartz and BLG recrystallization or neocrystallization of 
feldspar; sample B-9. A) Large feldspar σ-type mantled porphyroclast 
indicates a top-to-the-right (northeast) sense of shear; B) Quartz bands are 
characterized by elongate grains with a strong CPO. Grains contain 
subgrains that are similar size as new grains, indicating SGR 
recrystallization.  
   
Figure 3.25: Photomicrographs of microstructures in mylonite from the Eagle Eye 
detachment fault. Note the very fine grained grungy looking feldspar matrix 
grains; sample HQ-E. A) BLG recrystallization of quartz in which grain 
boundaries are finely serrated and adjacent new grains are the same size as 




















Table 3.2: Mineralogical and microstructural data table for discrete mylonitic shear 
zone samples.  
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Table 3.3: Mineralogical and microstructural data table for non-discrete mylonitic 
shear zone samples.  Samples were collected from the Stone Corral ridge 
shear zone, isolated shear zones on the crest of Stone Corral ridge, and shear 





Chapter 4:  Electron Backscatter Diffraction Analysis 
Electron backscatter diffraction (EBSD) analysis of quartz was performed on ten 
samples from throughout the study area, including the country rock and different types of 
shear zones (see Chapters 1 and 2). The analyses were performed to collect 
crystallographic preferred orientation (CPO) data to better understand the conditions of 
deformation experienced by the rocks in the study area, and to compare those conditions 
among samples.  Specifically, the analyses were performed to identify the active slip 
systems, senses of shear, types of strain (coaxial vs. non-coaxial), and magnitudes of 
strain experienced by the rocks during deformation.  A major goal of the analyses was to 
determine if the different types of shear zones in the study area deformed under the same 
or different conditions. 
4.1 METHODS 
4.1.1 Sample Selection 
Nine of the ten samples analyzed by EBSD were collected from the Stone Corral 
study area (Figure 4.1).  One sample, HQ-F, was collected from below the Eagle Eye 
detachment fault on Eagle Eye Mountain (Figure 1.3).  Of the nine samples analyzed 
from the Stone Corral study area, two of the samples (H2 and SCM-17b; Figure 1.4D) 
were collected from the crudely deformed country rock in the northern part of the study 
area.  Two samples (H1 and SCM-12; Figure 1.4D) were collected from the abundant 
discrete shear zones in the northern part of the study area, and a third sample (SCM-4) 
was collected from the mylonitized quartz vein from the atypical (SE-striking, SW-
dipping) discrete shear zone in the northern part of the study area.  Two samples (H3 and 
B-3) were collected from the Stone Corral ridge shear zone, and another two samples (B-
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5 and B-9) were collected from the isolated shear zones on the crest of Stone Corral ridge 
in the southern part of the study area.   
4.1.2 Analytical techniques 
The quartz CPO data was collected by conducting EBSD analyses using a Phillips 
XL30 Environmental Scanning Electron Microscope (ESEM) and an HKL Nordlys 
EBSD detector in the Department of Geological Sciences at the University of Texas at 
Austin.   Data was collected from several quartz-rich areas of X-Z thin sections where 
quartz is present as recrystallized grains.  More than 500 quartz grains (and up to 1263 
quartz grains) were analyzed in each sample (Table 4.1).  The ESEM operating 
conditions used were a 20 kV accelerating voltage, 250x magnification, 6 μm spot size, 
and a working distance of 18-24 mm.  Index diffraction patterns were automatically 
indexed at a step size of 25 μm by Channel 5 Flamenco software and Aztec software.   
4.1.3 Data Analysis 
The quartz CPO data was modified from points to grains using a 10° 
misorientation angle to define grain boundaries.  Two of the samples (discrete shear zone 
sample, H1, and isolated shear zone sample, B-9) were mounted at an angle to the x-
direction and so the data had to be rotated (-20° and +25°, respectively) in the x direction 
to correct for that error before further analysis.  The software program PFch5 (Mainprice, 
2005) was used to construct the pole figures of c-axis and a-axis data and also to gather 
statistics on the data.  The program discarded all diffraction pattern data that was 
obtained with a mean angular deviation (MAD) ≥ 1.3°.  The pole figures constructed 
were contoured by multiples of uniform distribution and data was plotted as one point per 
grain.   
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The statistical data calculated for each c-axis plot included the J-, P-, G-, and R-
indices.  The indices are used as a semi-quantitative means of evaluating fabric strength 
and distribution.  The CPO fabric strength is described by the J-index (Bunge, 1982) with 
higher J-indices associated with more intensely developed fabrics.  The distribution of the 
data is evaluated by determining the degree to which the data represent a point (P-index), 
girdle (G-index), or random distribution (R-index; Vollmer, 1990).  P-, G-, and R-indices 
are described by numerical values between 0 and 1 whose summation is equal to 1.  P- 
and G-indices were also normalized to detach the effects of the random distribution 
element of the data (after Barth et al., 2010).  The normalized point and girdle values 
were calculated as Pn = P/(P+G) and Gn = G/(P+G), respectively.  This normalization 
serves to better illuminate the degree of different lattice slip system activation during 
deformation.  The activity of basal <a> and rhomb <a> (± prism <a>) slip is manifested 
as a girdle on a pole figure (and therefore is defined by a high G-index), whereas the 
activity of predominantly prism <a> slip is manifested as a point located at the y-maxima 
on a pole figure (and therefore is defined by a high P-index; Figure 4.2).   
The determination of the slip systems that were active during deformation by 
examination of the c-axis pole figure geometry and Pn and Gn values is significant for 
constraining deformation conditions because slip system activity occurs partly as a 
function of temperature.  Low temperature deformation is typically accommodated by 
basal <a> slip system activity (with possible contributions from rhomb <a> and prism 
<a> slip system activity), whereas higher temperature deformation (≥500 °C) is 
accommodated primarily by prism <a> slip system activity (with very little contribution 
from basal <a> slip; Bouchez, 1977; Schmid and Casey, 1986; Stipp et al., 2002; Figure 
4.2).  At even higher temperatures (>550-600 °C), deformation is accommodated 
predominantly by prism <c> slip (Lister and Dornseipen, 1982; Okudaira et al., 1995).   
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The pole figures were also examined for asymmetry with respect to the rock 
foliation and lineation.  The degree of asymmetry may be used to qualitatively evaluate 
the type of strain accommodated during deformation.   Symmetric pole figures are typical 
of coaxial deformation, whereas asymmetric pole figures are typical of progressive non-
coaxial deformation (Schmid and Casey, 1986).  Asymmetry was also examined to 
determine the sense of shear in the samples that experienced non-coaxial deformation 
(Schmid and Casey, 1986).  However, the degree of pole figure symmetry/asymmetry 
may also be controlled by pre-existing fabrics, changes in kinematics during deformation, 
and the effects of later deformation, and therefore caution must be exercised during fabric 
symmetry/asymmetry interpretations (Lister and Williams, 1979).   
4.2 RESULTS 
Pole figures for all samples are plotted in Figures 4.3 and 4.4.  The data for each 
sample are presented as scatter plots and as pole figures contoured with multiples of 
uniform distribution.  The scatter plots for most of the samples display all the data points 
analyzed, whereas the pole figures contoured with multiples of uniform distribution 
display the data converted to one point per grain.  The clustering of the data in some of 
the scatter plots and contoured pole figures suggests that the software may have 
overestimated the number of grains in some samples when converting points to grains 
(e.g., sample SCM-4). 
4.2.1 Northern Country Rock 
Pole figures for the two northern country rock samples (H2 and SCM-17b) are 
presented in Figure 4.3.  The lineations in the country rock outcrops were extremely 
subtle, and although each individual lineation trended in the same general direction, their 
specific orientations were non-consistent along their lengths.  Even on the scale of the 
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hand sample, the trends of the lineations gently swung ~15° along the length of the 
sample.  Because of this change in orientation and because of the general subtlety of the 
lineations, the country rock samples were difficult to cut parallel to lineation, which may 
explain why the pole figures are off-centered.   
The data for sample H2 suggest a moderate quartz CPO fabric (J-index of 2.64; 
Table 4.1).  The fabric is better represented as a girdle (G = 0.52 and Gn = 0.68) than as a 
point (P = 0.24 and Pn = 0.32), and the pattern of grain distribution in the c-axis pole 
figure suggests dominantly rhomb <a> and prism <a> slip with a smaller contribution of 
basal <a> slip.  The c-axis pole figure is ambiguous in terms of sense of shear, but the a-
axis maxima are rotated clockwise to the x-axis, and therefore suggest that some of the 
deformation was non-coaxial with a top-to-the-northeast sense of shear.    
The data for sample SCM-17b suggest a weak quartz CPO fabric (J-index of 1.71; 
Table 4.1) and are largely randomly distributed (R = 0.55).  The pole figures are difficult 
to interpret because they are off-centered without obvious patterns, possibly because the 
lineation was not consistent, and therefore the pole figure data may represent grains that 
are not oriented parallel to lineation direction.  Regardless, the c-axis maxima is clearly 
clockwise of the z-axis which suggests some component of the strain was non-coaxial 
with an apparent top-to-the-northeast sense of shear.  
4.2.2 Discrete Shear Zone Mylonites 
The statistics for the data collected from the discrete shear zone mylonite samples 
(H1 and SCM-12) indicate that the quartz CPO fabrics are strong (J-index of 5.43 and 
5.14, respectively; Table 4.1), and the data distribution for these samples is better 
described by a point geometry than by a girdle or random geometry with P = 0.63, 0.64 
and Pn = 0.72, 0.72 for H1 and SCM-12, respectively.  The c-axis pole figures illustrate 
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the data as mostly situated in the center of the diagram at the Y-maxima (Figure 4.3).  
This distribution suggests that prism <a> slip was the dominant slip system active during 
deformation.  Minor amounts of rhomb <a> slip are also evident.  Whereas the c-axis 
data are fairly symmetrical in H1, the data in SCM-12 are slightly tilted counterclockwise 
to the z-axis, which suggests a top-to-the-southwest sense of shear for the sample.  The a-
axis maxima in both samples are shifted counterclockwise to the x-axis, which also 
suggests a top-to-the-southwest sense of shear.  
4.2.3 Atypical Discrete Shear Zone Mylonite 
The statistical data for the atypical discrete shear zone mylonite sample (SCM-4) 
suggest a very strong quartz CPO fabric (J-index of 8.08; Table 4.1) that is very well 
described by a point distribution (P = 0.76, Pn = 0.90).  The c-axis pole figure displays the 
data as consolidated near the Y-maxima, suggesting prism <a> slip was the dominant 
active slip system with no evidence for rhomb <a> slip or basal <a> slip (Figure 4.3).  
The orientation notch in the sample was destroyed during thin section construction, so the 
sense of shear is not determinable.  A small indent was found on one side of the sample, 
which may be a remnant of the notch. Regardless, the c-axis pole figure appears 
symmetric and the symmetry/asymmetry of the a-axis pole figure is somewhat 
ambiguous.  The a-axis maximum plots near the x-axis, and the data are shifted away 
from the perimeter of the circle, so the determination of a clockwise or anti-clockwise 
rotation of the a-axis maxima from the x-axis is difficult.  Additionally, the a-axis pole 
figure displays several a-axis maxima that are nearly equally populated with data 
suggesting the shear had a large coaxial component.  
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4.2.4 Stone Corral Ridge Shear Zone Mylonites 
The pole figures and statistical calculations for the two samples from the Stone 
Corral ridge shear zone (H3 and B-3) differ from each other.  The quartz CPO fabric is 
moderate for sample H3 (J-index of 3.87; Table 4.1) and fairly weak for sample B-3 (J-
index of 1.69).  The data distribution for H3 is better described by a point geometry (P = 
0.47, Pn = 0.63) than it is by a girdle or randomly distributed geometry.  Conversely, the 
data for B-3 is largely randomly distributed (R = 0.49), and when the data are normalized, 
they are better represented by a girdle geometry (Gn = 0.57) than a point geometry (Pn = 
0.43).   
The c-axis pole figure for sample H3 suggests that both prism <a> and rhomb <a> 
slip were active with hints of basal <a> slip activity (Figure 4.4).  The c-axis pole figure 
for B-3 also suggests that prism <a> and rhomb <a> slip were active, but displays a 
stronger component of basal <a> slip than the pole figure for sample H3 (Figure 4.4).  
The pole figure for B-3 exhibits the beginning of four limbs extending out from the Y-
maxima which hint at a basal <a>-type girdle.   
Additionally, the sense of shear suggested by the data differs for the two samples.  
The c-axis pole figure for sample H3 is rotated anti-clockwise from the z-axis, indicating 
a non-coaxial contribution to the strain and a top-to-the-southwest sense of shear.  
Similarly, the a-axis maxima display an anti-clockwise rotation from the x-axis which 
also suggests a top-to-the-southwest sense of shear.  The presence of many a-axis 
maxima with a similar intensity and an almost symmetric distribution imply a significant 
coaxial component to the strain as well.  Conversely, the c-axis pole figure for sample B-
3 is ambiguously asymmetric (i.e., not symmetric but the data are not clearly rotated 
clockwise or anti-clockwise from the z-axis), and the a-axis maxima are rotated 
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clockwise to the x-axis, suggesting a non-coaxial strain contribution and a top-to-the-
northeast sense of shear.   
4.2.5 Isolated Shear Zone Mylonites 
The data for the two mylonites from the isolated shear zones on the crest of Stone 
Corral ridge, B-5 and B-9, yield moderate quartz CPO fabrics (J-indices of 3.42 and 2.68, 
respectively; Table 4.1).  The distribution of the data for sample B-5 is best represented 
by a point geometry (P = 0.55, Pn = 0.72).  The distribution of the data for sample B-9 is 
also better described by a point geometry (P = 0.38, Pn = 0.54), but it also has a 
significant girdle geometry component (G = 0.33, Gn = 0. 46).  The c-axis pole figure for 
sample B-5 indicates the activity of dominantly prism <a> slip with a significant 
component of rhomb <a> slip (Figure 4.4).  The c-axis pole figure for sample B-9 also 
suggests significant prism <a> and rhomb <a> slip, but also displays data points that 
extend to both poles, which is particularly evident in the scatter plot pole figure, which 
suggests basal <a> slip was also active during deformation (Figure 4.4).  
The c-axis pole figure for sample B-5 looks fairly symmetric, but the a-axis pole 
figure displays a counterclockwise rotation of the a-maxima from the x-axis.  This 
rotation suggests the strain accommodated by this sample was at least partly non-coaxial 
and implies a top-to-the-southwest sense of shear. The nearly equal intensity of a-axis 
point maxima on the left and right sides of the pole figure, and the otherwise wide spread 
of the a-axis data around the pole figure suggest an important coaxial component as well. 
Conversely, the c-axis and a-axis pole figures for sample B-9 both suggest a top-to-the-
northeast sense of shear as the c-axis data are rotated clockwise from the z-axis and the a-
axis maxima are rotated clockwise from the x-axis.  
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4.2.6 Eagle Eye Mountain Detachment Fault Mylonite 
The data for the detachment fault sample, HQ-F, yield a weak to moderate quartz 
CPO fabric (J-index of 1.98; Table 4.1) with the data best represented by a girdle 
geometry (G = 0.42; Gn = 0.70).  The contoured data in the c-axis pole figure extend 
across the stereogram from top right to bottom left (Figure 4.4), indicating that basal <a>, 
rhomb <a>, and prism <a> slip were all active during deformation.  The c-axis pole 
figure is rotated clockwise to the z-axis, and the a-axis maxima are rotated clockwise to 
the x-axis, which implies the sample experienced a top-to-the-northeast sense of shear 
during deformation.   
4.3 SUMMARY AND BRIEF DISCUSSION 
The EBSD data for the country rock samples (H2 and SCM-17b) and one of the 
Stone Corral ridge shear zone samples (B-3) indicate prism <a>, rhomb <a>, and basal 
<a> slip systems were active during deformation, which may suggest that low to medium 
temperatures prevailed (Figure 4.2).  However, this interpretation is not consistent with 
the microstructures and mineralogy of these three samples, which suggest deformation 
temperatures of >500 °C (see Section 3.11).  The simple model of deformation 
temperature estimation based on the slip systems that were employed to accommodate 
deformation does not take into account the effects of preexisting fabrics, strain rates, 
changes in strain during deformation, or subsequent deformation.  The slip systems active 
during deformation in the study area samples may have been affected by any of these 
other processes.    
The c-axis data for the discrete shear zone samples (H1 and SCM-12) and for one 
of the Stone Corral ridge shear zone samples (H3) form single girdle pole figure 
geometries defined by predominantly prism <a> slip and rhomb <a> slip.  This geometry 
(which suggests deformation temperatures ≤500 °C in the model in Figure 4.2) has been 
 124 
recognized in the quartz CPOs of other rocks that deformed at amphibolite-facies 
conditions and so does not necessarily indicate a lower temperature of deformation (Toy 
et al., 2008).   
The pole figure for the atypical discrete shear zone mylonite sample (SCM-4) 
displays a strong clustering of the data at the y-maxima.  If temperature was the greatest 
control on c-axis orientation during the deformation of this sample, the data would imply 
deformation temperatures of ≥500 °C (Stipp et al., 2002).  However, in the thin section of 
the sample, the quartz is highly recrystallized by SGR recrystallization (Figure 3.20A).  
The small number of feldspar porphyroclasts that are present are not strongly 
recrystallized, but some of the fine-grained feldspar likely recrystallized by BLG 
recrystallization or was neocrystallized (see Section 3.3.3).  These structures are more 
characteristic of temperatures below 500°C, although strain rates and the presence of 
fluids also exert a control on microstructure development.  The pole figure pattern for this 
sample, which is highly dominated by prism <a> slip, may be a function of a preexisting 
fabric in which quartz was oriented in such a way that that prism <a> slip was favored 
during deformation.  Because the vein was composed almost entirely of quartz, the quartz 
may have deformed very readily because the grains were not impeded by large feldspar 
porphyroclasts or other rigid minerals.  Additionally, this deformation may have been 
aided by hydrolytic weakening (see Chapter 6). 
The contoured pole figures for the samples collected from the isolated shear zones 
on the crest of Stone Corral ridge (B-5 and B-9) do not look significantly different than 
those from the other mylonites.  The c-axis pole figures of these samples also form single 
girdles defined by predominantly prism <a> and rhomb <a> slip activity with a smaller 
contribution of basal <a> slip in sample B-9, and no evidence for basal <a> slip in sample 
B-5.  However, in contrast to the c-axis scatter plot pole figures for the discrete shear 
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zone samples, the scatter plot pole figure for sample B-9 shows that a significant amount 
of the data extends to the poles, suggesting basal <a> slip was likely very active during 
deformation.   
In thin section, these samples looked very different than the other mylonites as 
they had undergone pervasive SGR recrystallization of quartz and BLG recrystallization 
or neocrystallization of feldspar (see Section 3.5; Figures 3.24, 4.5).  These 
microstructures suggest deformation likely occurred during greenschist-facies conditions.  
The significant degree of basal <a> slip suggested by the c-axis scatter plot pole figure 
for Sample B-9 is consistent with temperatures typical of greenschist facies deformation 
(Figure 4.4).  The similarity of the pole figures for sample B-5 to the pole figures of the 
other (relatively higher temperature) mylonites and country rock may be due to 
inheritance of a pre-existing fabric rather than to similar deformation conditions (Toy et 
al., 2008), although a pre-existing fabric is not evident in thin section.    
The c-axis pole figure for the detachment fault mylonite, HQ-F, is defined by a 
girdle, although the type of girdle (single girdle or cross-girdle) is difficult to tell with the 
patchy distribution of the data in the figure.  However, the pole figure differs greatly from 
all the others in that the girdle reveals a significant contribution of basal <a> slip.  The c-
axis maximum plots near the y-maxima, but two other maxima are present at both poles.  
This distribution strongly suggests lower temperature deformation and is consistent with 
the greenschist-facies conditions that prevailed during detachment faulting.   
The senses of shear provided by the pole figures for most of the samples that were 
analyzed are consistent with the microstructural shear sense indicators discussed in 
Chapter 3.  The top-to-the-northeast sense of shear suggested by the a-axis pole figure for 
the Stone Corral ridge shear zone sample (B-3) may be a result of coaxial deformation as 
the shear sense indicators seen in thin section give both top-to-the-northeast and top-to-
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the-southwest senses of shear.  A strong coaxial contribution to the Stone Corral ridge 
shear zone would explain the inconsistency between the top-to-the-northeast sense of 
shear indicated by the pole figure for B-3 and the top-to-the-southwest sense of shear 
indicted by the pole figure for the other Stone Corral ridge shear zone sample (H3).  
Additionally, whereas the sense of shear is ambiguous in thin section in a few of the other 
Stone Corral ridge shear zone samples, the sense of shear is clearly top-to-the-southwest 
in some of the samples (Figure 3.9B; Table 3.3).  Alternatively, the top-to-the-northeast 
sense of shear given by the a-axis pole figure for B-3 may be the result of changing 
kinematic conditions during deformation or of more than one episode of deformation 
(Lister and Williams, 1979).   
The a-axis pole figure for one of the isolated shear zone samples (B-5) implies a 
top-to-the-southwest sense of shear that is not consistent with the microstructures seen in 
thin section (Figures 4.4, 4.5). In thin section, sample B-5 is characterized by broken up 
feldspar porphyroclasts that are incined in a top-to-the-northeast direction and by a few 
feldspar σ-type porphyroclasts that also indicate a top-to-the-northeast sense of shear 
(Figure 4.5A-B).  Additionally, recrystallized quartz grains are subtly elongated and 
inclined in a top-to-the-northeast direction in some areas of the thin section, although the 
quartz grains appear polygonal in other areas (Figure 4.5C-D).  The EBSD analyses were 
conducted on these larger polygonal grains.   
Although the quartz and feldspar in the sample from the isolated shear zone (B-5) 
appear to have deformed and recrystallized under the same conditions as the other 
samples from the isolated shear zones on the crest of Stone Corral ridge, this sample was 
less deformed and recrystallized than the others (compare figures 3.24 and 4.4).  The top-
to-the-southwest sense of shear suggested by the quartz a-axis pole figure may be a 
record of a previous foliation, may reflect the effects of changing kinematics during 
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deformation, or may be the result of the the superimposed effects of more than one stage 
of deformation (Lister and Williams, 1979).  Additionally, the strain may have had a 
significant coaxial component that could have resulted in the two different apparent 
senses of shear in the thin section and in the EBSD pole figures.  More samples would 
need to be collected and analyzed to ascertain why the sense of shear suggested by the 
pole figure differs from that suggested by the microstructures, and also to truly ascertain 










Figure 4.1: Areal photograph of the Stone Corral study area with locations of samples 







Figure 4.2: Generalized quartz CPO patterns. A) Generalized patterns with increasing 
temperature during non-coaxial progressive deformation (modified from 
Passchier and Trouw, 2005); B) Illustration of quartz c-axis patterns and the 
specific slip system activities they may record (modified from Toy et al., 




Figure 4.3: Lower hemisphere pole figures of quartz <c> and <a> axes in samples from 
the discrete shear zones and country rocks north of Stone Corral ridge.  Raw 
data are shown in scatter plots in the left column and include all analyzed 
points.  Data plotted as one point per grain and contoured with multiples of 
uniform distribution are shown in the right column. Northeast is to the top 
right of each sample.  Pole figures were constructed using PFch5 




Figure 4.4: Lower hemisphere pole figures of quartz <c> and <a> axes in samples from 
the Stone Corral study area and Eagle Eye Mountain.  Raw data are shown 
in scatter plots in the left column. Data contoured with multiples of uniform 
distribution are shown in the right column. Northeast is to the top right of 





   
   
Figure 4.5: Feldspar and quartz microstructures in the isolated shear zone sample, B-5.  
Note the very fine grained, grungy-looking feldspar typical of BLG 
recrystallization or neocrystallization. A-B) Feldspar porphyroclasts are 
inclined in a top-to-the-right (NE) direction. Red arrow in A points to a 
feldspar σ-type mantled porphyroclast indicating a top-to-the-right (NE) 
sense of shear; C-D) Quartz layers with polygonal shaped grains that were 
analyzed with EBSD. Quartz in C appears subtly inclined in a top-to-the-














Table 4.1: Summary of pole figure data and statistics for all samples.   
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Chapter 5:  Energy-dispersive X-ray Spectrometry 
Energy-dispersive X-ray spectrometry (EDS) point analyses were conducted on 
two thin sections of sample SCM-51, which was collected from one of the discrete shear 
zones with a central epidote vein, bleached halo, and flanking paired shear zones 
morphology (Figures 1.5E-F, 2.9D-F; 2.14B).  One of the thin sections analyzed included 
a piece of the central epidote vein and the adjacent ~1-1.5 mm-thick highly sericitized, 
feldspar-rich alteration zone (Figures 3.11A-B, 3.12).  The other thin section analyzed 
included part of the bleached halo, one of the flanking ultramylonite zones, and the 
transitional boundary between them (Figure 2.14B).    
The EDS analyses were undertaken to determine how the composition of 
plagioclase feldspar varies as a function of distance from the central epidote vein.  
Spectral maps were obtained to determine and compare the compositions of the 
secondary feldspar replacement products (i.e., myrmekitic plagioclase and the non-
symplectic plagioclase; Figures 3.14-3.16, 3.19).  Both of these products are extensive in 
the shear zones and are responsible for the bleached appearance of the bleached haloes 
(see Chapter 3; Figures 3.14-3.16).  The presence of albite twinning in the non-
symplectic secondary feldspar in thin section indicates this replacement product is 
plagioclase (Figure 3.16), but the composition of the plagioclase is unknown.  The 
country rock granite that hosts the shear zones is composed of ~35-38% plagioclase 
feldspar and ~30-36% potassium feldspar, but in the disrete shear zones, much of the 
feldspar has been almost entirely replaced by the secondary plagioclase. 
5.1 METHODS 
EDS was used to collect numerous semi-quantitative point X-ray spectra and 
elemental X-ray map data from sample SCM-51.  The analyses were performed on two 
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carbon coated thin sections using a Phillips XL30 Environmental Scanning Electron 
Microscope (ESEM) equipped with an X-max 50 mm large area silicon drift EDS 
detector in the Department of Geological Sciences at the University of Texas at Austin.  
All data were collected under high vacuum with an accelerating voltage of 20 kV, spot 
size of 6 μm, and working distance of 13-20 mm.  For analysis of the epidote vein and the 
adjacent highly altered feldspar-rich zone, a magnification of 100 was used.  For analysis 
of the bleached halo and the flanking ultramylonite zone, a magnification of 200 was 
used.  For analysis of myrmekite and the widespread non-symplectic secondary feldspar 
replacement product, magnifications of 60 and 100 were used, respectively.   The 
replacement textures were imaged using secondary electron imaging.  Atomic 
percentages were calculated from the weight percent data and were used to determine the 
anorthite percentages of the plagioclase feldspars.   
5.2 RESULTS  
5.2.1 Composition of the Epidote Vein and the Adjacent Highly Altered Zone 
Spectra were obtained on epidote from four points within the epidote vein, and the 
compositional data from all points are in good agreement with each other with oxygen 
values of ~53-54 weight percent (wt. %), silicon values of ~16-18 wt. %, calcium values 
of ~12-12.5 wt. %, aluminum values of ~10-12 wt. %, and iron values of ~6-7 wt. % 
(Table 5.1).  Spectra were also obtained from feldspar grains in several areas within the 
highly altered zone adjacent to the epidote vein (Figure 3.12).  All the spectra yielded 
sodium-rich compositions with some spectra also containing a small amount of calcium 
and/or potassium (Table 5.2).  However, because the feldspar grains are so highly 
sericitized, the potassium is likely hosted within this alteration product rather than within 
the feldspar grains.  With this assumption, the anorthite percent (Ca/(Ca+Na)x100) was 
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calculated for each spectrum using the atomic percentages of sodium and calcium, which 
yielded anorthite values of 0-4%.  The feldspar in the altered zone, therefore, is nearly 
pure albite (Table 5.3). 
5.2.2 Composition of the Bleached Halo 
The plagioclase feldspar grains in the bleached zone are very coarse grained (up 
to several mm), and only two large grains were analyzed.  Numerous spectral point data 
were obtained from the two grains which share similar compositions (Table 5.4).  Sodium 
contents range from 6.6 to 7.4 wt. %; calcium contents range from 2.5-3.9 wt. %, and 
potassium contents are all less than half a weight percent.  The anorthite percentages 
calculated for the data range from 19-26% (Table 5.3), which is significantly higher than 
the anorthite percentages of the feldspar-rich altered zone adjacent to the vein.  This 
compositional data indicate the large feldspar porphyroclasts in the bleached zone are 
oligoclase. 
5.2.3 Composition of the Flanking Ultramylonite Zone 
Point spectra were obtained from numerous plagioclase grains in the flanking 
ultramylonite zone.  These spectra also indicate high sodium contents relative to calcium 
contents with 5.1-7.0 wt. % sodium and 2.4-3.4 wt. % calcium (Table 5.5).  Some of the 
spectra also contain potassium contents up to 1.5 wt. %.  The anorthite percentages 
calculated for the points range from 18-23%.  Therefore, the plagioclase feldspar in the 
utramylonite zone is also oligoclase.   
5.2.4 Replacement Products: Myrmekite and the Non-symplectic Secondary 
Feldspar 
Point spectra were obtained from several points on myrmekitic plagioclase lobes 
on the edges of two potassium feldspar grains in the bleached halo.  These analyses 
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yielded sodium contents of 6.0-7.5 wt. % and calcium contents of 2.3-3.8 wt. % (Table 
5.6).  Anorthite percentages range from 15-25% (Table 5.3), which indicates the 
myrmekitic plagioclase is oligoclase rather than albite.  Elemental maps for one of the 
analyzed grains are presented in Figure 5.1. 
A potassium feldspar grain that had undergone partial replacement by the non-
symplectic feldspar product was analyzed in the transitional zone between the bleached 
halo and the flanking ultramylonite zone (Figure 5.2).  Similar to the analyses of the other 
plagioclase grains in the sample, the point spectra indicate a composition rich in sodium 
with a lesser amount of calcium.  Sodium contents range from 4.7 to 6.1 wt. % and 
calcium contents range from 1.8 to 2.5 wt. % (Table 5.7).  However, the potassium 
contents are also very high at 1.3 to 4.4 wt. %.  The anorthite percentage was only 
calculated for the one spectrum that did not have a significant contribution of potassium 
(Table 5.3).  The result for the spectrum is 20% anorthite, which indicates that the non-
symplectic replacement product is oligoclase. 
5.3 SUMMARY AND BRIEF DISCUSSION  
5.3.1 Fluid-rock Interaction 
The EDS analyses of large plagioclase porphyroclasts in the bleached halo, small 
recrystallized plagioclase grains in the flanking ultramylonite zone, myrmekitic 
plagioclase in the bleached halo, and the non-symplectic feldspar replacement product in 
the transitional area between the bleached halo and the ultramylonite zone indicate that 
all of the feldspar is oligoclase.  The only plagioclase in the sample that is not oligoclase 
is the plagioclase in the ~1-1.5 mm alteration zone directly adjacent to the epidote vein.  
This alteration zone is nearly pure albite.   
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The restriction of albite to this thin, highly altered zone may be related both to the 
higher degree of fluid-rock interaction that occurred in the zone and to the high 
abundance of the calcium-rich minerals in the vein and altered area that would have acted 
as sinks for calcium but not for sodium.  The fluids that were present in the antecedent 
fracture, which is now filled with the epidote vein, were likely sodium-rich because the 
widespread feldspar replacement products that are largely responsible for the bleached 
appearance of the bleached haloes are oligoclase.  The rock directly adjacent to the 
fracture, i.e., the thin alteration zone in sample SCM-51, would have experienced more 
interaction with these sodium-rich fluids than the rest of the rock in the bleached zone 
because of the high permeability offered by the fracture.  This alteration zone, therefore, 
would be more readily replaced.    
In addition, the growth of the vein epidote, as well as the metamorphic epidote 
and titanite in the altered zone, would have acted as sinks for calcium, which would have 
left less calcium available for the secondary feldspars to utilize during consumption of 
older grains.   If conditions were such that the fluids near the fracture could leach calcium 
from the plagioclase feldspar grains in the adjacent rock to aid in the nucleation and 
growth of epidote and titanite, then a significant amount of sodium would have remained 
behind.  This sodium would be available for the growth of the albitic feldspar at the 
expense of the older plagioclase and potassium feldspar porphyroclasts.  Some of the 
potassium that would have been released from the consumption of the potassium feldspar 
grains by the albite could have contributed to the development of the abundant sericitic 
alteration.  Potassium may also have been transported by the fluid further into the rock 
where it could be utilized in mineral growth elsewhere, such as in the production of the 
abundant biotite present in the flanking shear zones.   
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5.3.2 Significance of the Potassium Content in Ultramylonitic Plagioclase Grains 
The composition of the plagioclase grains in the flanking ultramylonite zone 
differs from that of the plagioclase grains in the bleached halo and the myrmekite in one 
important way.  The plagioclase grains in the ultramylonite zone contain a minor amount 
of potassium (<1 atomic percent) that may be significant, considering that the calcium 
contents of the grains are all <2 atomic percent.   
The potassium in the grains may have two possible sources.  Because of the fine-
grained nature of the ultramylonite zone, the point spectra may have slightly overlapped 
grain boundaries and included a small amount of neighboring potassium feldspar grains.  
Because the analyses were performed using secondary electron imaging rather than 
backscatter electron imaging, grain boundaries were not always easy to discern.  
However, the ultramylonite zone contains abundant fine-grained biotite that wraps 
around the feldspar grains, so if point spectra overlapped boundaries, biotite should have 
also been included in some of the analyses, but no magnesium or iron were detected in 
any of the spectral data.  Additionally, a small spot size of 6 μm was used for the analyses 
so that grain boundaries would be more easily avoided.   
Perhaps a more likely source for the potassium would be from within the feldspar 
grains themselves.  If the potassium feldspar grains in the ultramylonite zone had 
undergone significant but incomplete replacement by the non-symplectic oligoclase and 
myrmekite replacement products, patches of potassium feldspar in the grains may still 
remain.  This possibility is supported by thin section observations of the bleached haloes 
and flanking mylonite zones in several samples.  In the thin sections, the progressively 
more intense recrystallization of the highly replaced feldspar grains from the bleached 
haloes into the shear zones is clearly evident.  Many (if not most) of the fine grains in the 
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flanking shear zones appear to be recrystallized myrmekite and non-symplectic 
oligoclase.  
Further evidence is provided to support this idea by the data collected from the 
non-symplectic oligoclase replacement product.  The extremely patchy nature of 
oligoclase replacement in the potassium feldspar grains is clearly evident in the 
composite and elemental maps that were obtained from one of these partially replaced 
grains (Figure 5.2).  All of the spectral data collected from the oligoclase-rich areas of 
this grain included significant portions of potassium as well, except for one spectrum 
(Table 5.7).  The plagioclase grains in the ultramylonitic zone contain lesser amounts of 
potassium than the oligoclase in this partially replaced grain, but still contain much more 
potassium than the grains in the bleached halo.  This small amount of potassium may be a 
vestige of an earlier composition that has been almost entirely replaced by the 
metamorphic oligoclase. 
5.3.3 Comparison of Mean Anorthite Percentages 
The mean anorthite percentages of all the plagioclase grains analyzed are 
provided in Table 5.3.  The mean anorthite percentages of the bleached halo grains, 
flanking ultramylonite zone grains, myrmekitic plagioclase, and the non-symplectic 
oligoclase replacement product are very similar at ~20-22%.  The similarity in the 
chemistry of the grains analyzed in the bleached haloes to the other feldspar grains is 
significant because these bleached halo grains do not show clear evidence for 
replacement by secondary feldspars, but yet they share the same composition as the 
replacement products.  This similarity may indicate that the grains underwent complete 
replacement by the secondary feldspar product.   
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The bleached halo in this particular shear zone (sample SCM-51) is unique 
because the large grains do not show the extensive patchy non-symplectic replacement 
texture in thin section that is so striking in all of the other bleached halo samples.  This 
shear zone is also one of the largest and the best developed of all the shear zones in the 
study area, and therefore the grains in the bleached halo may have experienced more 
fluid-rock interaction than many of the grains in the smaller and less developed shear 
zones.  The larger degree of fluid-rock interaction may have resulted in the more 
complete replacement of the feldspars by the secondary oligoclase.  Conversely, the 
grains in the bleached halo may be original preserved plagioclase grains with a similar 
composition to the secondary oligoclase. However, this seems unlikely considering that 
the non-symplectic oligoclase replacement of the original feldspar grains in all of the 
other samples is so extensive that it seems to have affected all or nearly all of the grains 
in the bleached haloes.  Additionally, this very replacement process seems to be most 
responsible for the bleached appearance of the rock.   
5.3.4 Development of the Non-symplectic Oligoclase Replacement Product 
In thin section, the non-symplectic oligoclase replacement product forms angular 
patches in some of the potassium feldspar grains, suggesting the replacement may have 
initiated along cleavage planes (Figure 3.15C-D).  Microfractures along cleavage planes 
may have allowed fluids to gain access to the interiors of the porphyroclasts.  The fluids 
could have transported ions to the reaction sites and removed ions released during the 
replacement reactions.    
Although the anorthite percentage could only be meaningfully calculated for one 
of the EDS point spectra obtained from the non-symplectic oligoclase replacement 
product, the similarity in the composition of this spectrum to the myrmekitic plagioclase 
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spectra is intriguing.  Because these two replacement products also formed during the 
same deformation event and under the same fluid-rich metamorphic conditions, this 
compositional similarity suggests the products likely formed from similar processes and 
reactions.  The question then arises as to why the non-symplectic plagioclase is present at 
all.  Why did the replacement reaction simply not produce additional myrmekite?   
In the myrmekite-forming reaction, a potassium feldspar grain reacts with sodium 
and calcium ions in a fluid to form myrmekite and to release potassium into the fluid.  
Simpson and Wintsch (1989) and Tsurumi et al. (2003) provide the following reaction: 
    (1 + x)KAlSi3O8 + (1 – x)Na+ + xCa2+ = Na1-xCaxAl1+xSi3-xO8 + 4xSiO2 + (1 + x)K+ 
where x is a compositionally dependent variable that will be equal to the anorthite 
component (Ca2+/ (Ca2+ + Na+) of the plagioclase in the myrmekite formed.  In the case 
of sample SCM-51, the mean anorthite content of the myrmekitic plagioclase is ~0.2 
(Table 5.3), and so the appropriate reaction is: 
     1.2KAlSi3O8 + 0.8Na+ + 0.2Ca2+ = Na0.8Ca0.2Al1.2Si2.8O8 + 0.8SiO2 + 1.2K+ 
The non-symplectic oligoclase product likely resulted from a similar reaction 
because it formed synchronously with the myrmekite and is of a nearly identical 
composition.  However, during the formation of the non-symplectic oligoclase, the silica 
did not precipitate as quartz vermicules and so must have been utilized by an additional 
mineral-forming reaction or was transported elsewhere.  The mineralogy and 
microstructures of the numerous samples collected from the shear zones with the central 
vein, bleached halo, and flanking paired shear zones morphology provide evidence for a 
couple of possible sinks for the silica product.   
In the thin sections of all of the samples collected from shear zones with the 
central vein, bleached halo, and flanking paired shear zones morphology, partially 
replaced potassium feldspar grains are present in which biotite is associated with the non-
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symplectic oligoclase replacement product.  The biotite is present within the oligoclase 
patches and is elongate in the same direction as the host patches, which strongly suggests 
that it either also is a reaction product or that it formed in the oligoclase patches later 
(Figure 3.15).  For the biotite to have formed during the non-symplectic oligoclase-
producing reaction, the presence of Mg2+ or Fe2+, 3+ would have been required.  These 
ions would need to have been introduced by fluids during the reaction as they are not 
significant components of feldspar.  The abundance of metamorphic epidote, vein 
epidote, and opaque minerals (particularly near the vein), some of which are iron oxides 
(Figure 5.1), suggest that the metamorphic fluids may have been iron-rich.  Fluids may 
have introduced Na+, Ca2+, and Fe2+, 3+ to the reacting potassium feldspar to form the 
oligoclase and biotite, which would provide an explanation for why quartz is absent.  The 
silica would have been used in the production of biotite rather than in the production of 
myrmekitic quartz vermicules.  
Although all the samples contain some potassium feldspar grains with the 
intimately related biotite and oligoclase replacement patches, only a couple of the 
samples exhibit this relationship extensively.  These samples were collected from the 
flanking shear zones that have undergone only moderate mylonitization (Figure 3.15B).  
If this relationship existed in the more intensely mylonitized and ultramylonitized 
flanking shear zones, the evidence has been obliterated by the extreme amount of 
recrystallization and grain-size reduction of the feldspar and biotite.   
In the bleached haloes, on the other hand, potassium feldspar is extensively 
replaced by the non-symplectic oligoclase product, but the majority of these replaced 
grains are biotite-absent.  In these grains, the silica that would have been released during 
the replacement reaction must have been transported out of the feldspar grain by the 
fluid.  This silica may have been used in any of the metamorphic reactions that were 
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occurring simultaneously to form minerals such as epidote and titanite.  Some of the 
silica may also have precipitated into pore spaces, either into fractures or into the 
transient pore spaces that are created and destroyed during deformation.  The long quartz 
layers and thick pods that are present in the bleached zones of many of the samples may 




Figure 5.1: Composite and elemental maps of myrmekite replacement of potassium 
feldspar.  In the composite map, pink is potassium feldspar, light green 
is oligoclase, dark yellow-green is quartz, and red is iron oxide.  
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Figure 5.2: Composite and elemental maps of non-symplectic oligoclase 
replacement of potassium feldspar.  In the composite map, pink is 
potassium feldspar and green is oligoclase. Although the elemental map 
of silicon shows quartz strands in this particular case, quartz is not 
typically associated with the replacement texture. 
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 Spectrum Ca Fe Al Si O 
1 12.6 6.3 11.7 15.7 53.7 
2 11.1 7.5 10.3 17.5 53.7 
3 11.3 6.1 11.0 17.9 53.7 
4 12.5 5.6 12.5 16.5 52.8 
Table 5.1: Elemental point analyses of the central epidote vein in weight percentages. 
 
 Spectrum O Si Al Na Ca K Fe 
5 53.4 27.2 10.4 9.0 0.0 0.0 0.0 
6 55.3 25.6 10.8 7.4 0.0 0.8 0.0 
7 54.8 25.5 10.7 7.2 0.0 1.5 0.3 
8 53.9 25.3 10.8 8.4 0.7 0.7 0.3 
9 54.4 26.1 10.5 7.8 0.0 1.0 0.2 
10 53.8 27.0 9.7 9.5 0.0 0.0 0.1 
11 54.8 26.5 9.7 8.4 0.6 0.0 0.0 
12 54.5 26.4 9.6 8.4 0.5 0.5 0.1 
13 54.1 26.4 10.5 8.3 0.6 0.0 0.2 
14 52.2 27.1 10.4 9.3 0.4 0.4 0.2 
15 54.6 26.5 9.5 8.8 0.4 0.0 0.3 
16 54.7 24.3 12.2 5.9 0.0 2.6 0.3 
Table 5.2: Elemental point analyses of feldspar grains in the highly altered zone 
































Spectrum Na Ca An %  Spectrum Na Ca An % 
5 7.7 0.0 0 17 6.1 1.8 23 
6 6.3 0.0 0 18 6.0 2.1 26 
7 6.2 0.0 0 19 6.5 1.6 20 
8 7.2 0.3 4 20 6.3 1.7 21 
9 6.7 0.0 0 21 6.2 1.8 23 
10 8.1 0.0 0 22 6.0 1.9 24 
11 7.2 0.3 4 23 6.7 1.3 16 
12 7.2 0.2 3 24 6.1 1.9 24 
13 7.1 0.3 4 25 6.0 2.1 26 
14 8.0 0.2 2 26 6.1 2.0 25 
15 7.5 0.2 3 27 6.5 1.5 19 
16 5.1 0.0 0 28 6.1 2.0 25 
 34 4.7 1.3 22 29 6.2 1.9 23 
35 5.9 1.6 21 30 6.3 1.7 21 
36 5.8 1.6 22 31 6.1 1.9 24 
37 5.4 1.3 19 32 6.4 1.6 20 
38 6.0 1.8 23 33 6.4 1.5 19 
39 5.4 1.4 21  43 5.7 1.4 20 
40 6.4 1.6 20 44 5.5 1.4 21 
41 6.2 1.4 18 45 6.8 1.2 15 
42 5.9 1.6 21 46 5.1 1.4 21 
 53 4.4 1.1 20 47 6.3 1.6 20 
*Repl. = non-symplectic replacement product. Only one 
spectrum is presented because all other spectra included a 
significant component of potassium. 
48 6.1 2.0 25 
49 5.9 1.9 24 
Table 5.3: Sodium and calcium atomic percentages and anorthite percentages for all 
analyzed plagioclase feldspar grains. Anorthite content is calculated from 
















































































 Spectrum O Si Al Na Ca K Cu 
17 43.3 32.3 13.2 6.6 3.5 0.4 0.5 
18 43.4 32.1 13.5 6.6 3.9 0.0 0.4 
19 43.6 32.7 13.0 7.1 3.0 0.2 0.4 
20 44.2 32.5 13.0 6.9 3.2 0.2 0.0 
21 43.6 32.2 13.3 6.8 3.5 0.2 0.4 
22 43.8 31.9 13.5 6.6 3.7 0.0 0.5 
23 43.9 33.0 12.8 7.4 2.5 0.0 0.5 
24 43.6 31.9 13.4 6.7 3.6 0.2 0.5 
25 43.5 32.0 13.4 6.5 3.9 0.2 0.4 
26 43.8 32.1 13.5 6.7 3.8 0.2 0.0 
27 44.0 32.9 12.9 7.2 2.8 0.2 0.0 
28 43.7 32.0 13.6 6.7 3.8 0.2 0.0 
29 43.8 32.1 13.4 6.8 3.7 0.2 0.0 
30 43.8 32.5 13.3 6.9 3.3 0.2 0.0 
31 43.9 32.2 13.4 6.7 3.6 0.2 0.0 
32 43.8 32.4 13.3 7.0 3.1 0.3 0.0 
33 43.9 32.4 13.0 7.0 2.9 0.2 0.6 
Table 5.4: Elemental point analyses of feldspar grains in the bleached halo. Data are 
presented in weight percentages. 
 
 Spectrum O Si Al Na Ca K 
34 44.2 36.5 10.4 5.1 2.4 1.3 
35 43.7 32.4 12.9 6.5 3.1 1.5 
36 43.6 33.4 12.5 6.4 3.1 1.0 
37 44.2 35.2 11.2 6.0 2.4 1.0 
38 43.2 33.4 13.0 6.6 3.4 0.4 
39 43.5 34.7 11.9 5.9 2.6 1.3 
40 43.7 32.6 13.0 7.0 3.0 0.8 
41 43.6 33.2 12.8 6.8 2.6 0.9 
42 43.4 33.1 12.9 6.5 3.1 1.0 
Table 5.5: Elemental point analyses of feldspar grains in the flanking ultramylonite 





























 Spectrum O Si Al Na Ca K Cu 
43 44.7 35 11.3 6.3 2.6 0.2 0.0 
44 44.9 35 10.8 6 2.6 0.2 0.7 
45 44.1 33.5 12.3 7.5 2.3 0.2 0.0 
46 44.3 37 10.3 5.6 2.6 0.2 0.0 
47 43.4 32.7 13 6.9 3.1 0.6 0.0 
48 43.6 32.1 13.6 6.7 3.8 0.3 0.0 
49 43.9 32 13.6 6.5 3.7 0.3 0.0 
Table 5.6: Elemental point analyses of myrmekitic plagioclase. Data are presented in 
weight percentages. 
 
 Spectrum O Si Al Na Ca K Fe Mg 
50 43.0 33.1 11.5 4.7 2 4.4 0.9 0.3 
51 43.2 33.7 12.0 5.3 2.5 3.3 0.0 0.0 
52 43.5 35.1 11.1 5.7 1.8 2.8 0.0 0.0 
53 44.5 37.7 9.6 4.8 2.2 1.3 0.0 0.0 
54 43.2 33.2 12.5 6.1 2.5 2.2 0.0 0.0 
Table 5.7: Elemental point analyses of the non-symplectic secondary feldspar 































Chapter 6:  Fourier Transform Infrared Spectroscopy 
The water content of intragranular quartz was analyzed in numerous samples from 
throughout the study area by Fourier Transform Infrared (FTIR) Spectroscopy to examine 
the relationship between water content and strain and to test a number of hypotheses 
dealing with the origin of the discrete shear zones.  Specifically, the following hypotheses 
were tested: 1) the discrete shear zones initiated on pre-existing fractures, 2) hydrolytic 
weakening of quartz was an important mechanism for shear zone localization, and 3) the 
degree of fluid rock interaction was an important factor for morphology development.  If 
the discrete shear zones initiated on pre-existing fractures, water content is expected to be 
higher in these mylonites than in the country rocks and the mylonites from the other 
(non-discrete) shear zones because the fractures would have provided permeability for 
fluid flow.  Similarly, if hydrolytic weakening of quartz was an important mechanism for 
strain accommodation in the discrete shear zones, water content should be higher in the 
quartz in the discrete shear zone mylonites than in the other samples.  If higher fluid-rock 
interaction resulted in the development of discrete shear zones with a central epidote 
vein, bleached halo, and flanking paired shear zones morphology, then the quartz in the 
discrete shear zones with this morphology should contain more water than in the discrete 
shear zones without this morphology.   
6.1 METHODS 
6.1.1 Sample Selection 
A total of twelve samples from across the field area were selected for FTIR 
spectroscopy analysis (Figure 6.1).   Four of the samples analyzed were collected from 
the country rocks outside of the numerous shear zones.  Three of the country rock 
samples were collected from the northern part of the study area (samples HQ-D, SCM-
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17b, and SCM-6) and the fourth was collected from the southern part of the study area 
near the crest of Stone Corral ridge (sample B-4).  Four samples were collected from the 
discrete mylonitic shear zones in the northern part of the study area, two of which were 
collected from shear zones that displayed the central epidote vein, bleached halo, and 
flanking paired shear zones morphology (samples SCM-51 and HQ-C; Figure 1.5A, E-F) 
and two of which did not display this morphology (samples H1 and SCM-17; Figure 
1.4B, D).  Another two samples were collected from the Stone Corral ridge shear zone 
(samples H3 and B-3), and the remaining two samples were collected from the isolated 
shear zones on the crest of Stone Corral ridge (samples B-5 and B-9). 
6.1.2 Sample Preparation 
Thick sections were prepared for all twelve samples for FTIR spectroscopy 
analysis.  One thick section was made per sample with the exception of sample HQ-C for 
which two thick sections were prepared to include both the bleached zone and a flanking 
shear zone.  The samples were cut into blocks with long dimensions that were only 
slightly shorter than a standard 27x36 mm glass slide to maximize the amount of sample 
available for analysis.  The sample blocks were ground on one side to obtain flat surfaces 
and then were fastened to standard glass slides with Crystalbond adhesive.  The exposed 
sides of the samples were grounded and polished to acquire flat surfaces and to remove 
visible blemishes.  The samples were then removed from the glass slides, flipped over to 
expose the other sides, and reattached to the slides with Crystalbond adhesive.  The 
samples were cut and ground until quartz became transparent, which occurred at different 
thicknesses for each sample because of the wide variation in grain sizes (Tables 6.1-6.6).  
The sections were then grounded and polished to eradicate visible blemishes, removed 
from the glass slides in an acetone bath, and thoroughly cleaned with ethanol.  
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6.1.3 Spectral Analysis 
All twelve samples were analyzed with a ThermoElectron Nicolet 6700 
spectrometer and Continuμm IR microscope located in the Department of Geological 
Sciences at the University of Texas at Austin.  The OMNIC software program was used 
for IR data collection and analysis.   IR analyses were conducted at a spectral resolution 
of 4 cm-1 using 60 scans per spectra.  A 50 by 50 μm aperture size was used and spectra 
were collected in the range of 4000 to 650 cm-1 with the use of a KBr beamsplitter and 
globular IR source.  Background spectral measurements were collected outside of the 
sample on a salt window after each sample spectra was collected to normalize the data.   
The number of spectra collected from each sample ranged from 7 to 37.  Grain 
boundaries and fluid inclusions were avoided in analyses.  In the mylonitic samples, 
matrix grains were smaller than the thicknesses of the samples, and thus only the less 
common larger grains in quartz ribbons were analyzed.  Photomicrograph photomosaics 
were made for the first few analyzed samples to better orient the sample under the IR 
microscope and to easily document the location of the sample points analyzed.  However, 
the samples were so thin that they disassembled into numerous small pieces following the 
acetone baths for removal from the glass slides, and the photomosaics could not be used.  
The OMNIC software was then used to obtain photomicrographs of every area analyzed 
and to plot the location of sample points on the photomicrographs directly so sample 
locations were clearly documented.  Thickness was determined for each sample point by 
the use of a petrographic microscope furnished with a Heidenhain focus drive linear 
encoder.  The thickness was measured by focusing on the top and bottom of the sample at 
each point, and the displacement was recorded by the encoder.  
Following the step-by-step methods of Gleason and DeSisto (2008), the integral 
area of the broad peak from 2800 to 3800 cm-1 was used to determine the concentration 
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of the hydroxyl and molecular water species within the quartz grains.  The concentrations 
were calculated using a modified Beer-Lambert Law: 
  C(H:106 Si) = (0.812 x Ai x t) 
where C(H:106 Si) is the concentration of water at the point analyzed, Ai is the integrated 
absorbance under the broad peak from 2800 to 3800 cm-1 at the point analyzed, t is the 
thickness of the sample at the point analyzed (cm), and 0.812 is a calibration factor for 
quartz (Kats, 1962).  Finally, the water concentrations were converted to ppm by weight 
using the conversion equation: ppm = C(H:106 Si) /6.67.  
6.2 RESULTS 
6.2.1 Spectral Profiles 
The thicknesses of the sections at the points analyzed, the integrated absorbances, 
and the calculated water concentrations for all spectral analyses are reported in Tables 
6.1-6.6, and the spectra are provided in Appendix A. Average water contents are 
summarized for all samples and sample categories in Table 6.7.  Whereas some of the 
sample spectra show the fairly smooth broad bell-curve peak associated with molecular 
water, particularly those in the country rock samples, many of the spectra are 
superimposed with jagged or lumpy peaks (Figure 6.2).  Similar superimposed peaks 
have been reported in the literature, and commonly appear in the IR spectral analyses of 
many different rock types, including both deformed and non-deformed igneous and 
metamorphic rocks (Kronenberg and Wolf, 1990; Kronenberg et al., 1990).  Most of the 
individual peaks are associated with different hydrogen point defects in the crystal lattice, 
typically related to chemical impurities such as the substitution of aluminum, lithium, 
and/or hydrogen for silicon (Kats, 1962; Niimi et al., 1999; see Paterson, 1989 and 
Kronenberg, 1994 for thorough reviews; Figure 6.2B).  One common superimposed peak 
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at wavelength 3620 cm-1 may also be related to the presence of very fine-grained mica 
flakes within the quartz grains (Kronenberg and Wolf, 1990; Figure 6.2C).  Because 
much of the quartz in the analyzed samples recrystallized by GBM recrystallization, 
extremely small, sub-optical mica flakes may have been overgrown by the migrating 
quartz boundaries.  Many of the spectra exhibit steeply sloping backgrounds because of 
internal defects in the quartz grains and scattering losses at the surface of the samples 
(Kronenberg et al., 1990; Figure 6.2D).   
6.2.2 Water Contents 
The quartz in the country rock samples yielded average water concentrations of 
830-1200 H:106 Si, or 150-180 ppm (Table 6.1).  The ranges of water concentrations vary 
largely within each sample at 320-4050 H:106 Si (50-610 ppm) for HQ-D, 450-2310 
H:106 Si (70-350 ppm) for B-4, 0-2740 H:106 Si (0-410 ppm) for SCM-17b, and 150-
1790 H:106 Si (20-270 ppm) for sample SCM-6.  Importantly, sample B-4 contained 
similar quartz water contents as the other samples despite its difference in location (i.e., 
south of the Stone Corral ridge shear zone), orientation, and deformation style (see 
Chapters 2 and 3).   
The quartz in the two mylonite samples collected from the discrete shear zones 
without the central epidote vein, bleached halo, and flanking paired shear zones 
morphology yielded average water contents of 1780 and 2260 H:106 Si, or 260 and 340 
ppm, for SCM-17 and H1, respectively (Table 6.2).  The ranges of water concentrations 
within each sample also varied widely from 240-2720 H:106 Si (40-410 ppm) for sample 
SCM-17 and 500-5080 H:106 Si (70-760 ppm) for sample H1.  The quartz in the two 
mylonites from the discrete shear zones with the central epidote vein, bleached halo, and 
flanking paired shear zones morphology yielded higher average water contents of 4530 
 156 
and 2540 H:106 Si, or 680 and 510 ppm, for samples SCM-51 and HQ-C, respectively 
(Table 6.3).  The water concentrations ranged from 1000-11,930 H:106 Si (150-1790 
ppm) for sample SCM-51 and from 0-8960 H:106 Si (0-1340 ppm) for sample HQ-C. 
The water contents of the quartz in the two mylonites from the Stone Corral ridge 
shear zone averaged 660 and 900 H:106 Si (130 and 100 ppm) for samples B-3 and H3, 
respectively (Table 6.4).  Water contents ranged from 30-1570 H:106 Si (<10-240 ppm) 
in sample B-3 and from 20-2870 H:106 Si (<10-430 ppm) in sample H3.  The two 
mylonitic samples from the isolated shear zone south of the Stone Corral ridge shear zone 
yielded similar intragranular quartz water contents with averages of 670 and 830 H:106 S, 
or 100 and 120 ppm, for samples B-5 and B-9, respectively (Table 6.5). Water contents 
range from 70-1020 H:106 Si (10-150 ppm) for sample B-5 and from 80-2940 H:106 Si 
(10-440 ppm) for sample B-9.   
6.2.3 Correlation between Water Content and Strain  
The thick section of the discrete shear zone mylonite sample SCM-17 was cut 
perpendicular to the shear zone boundary and is composed of a <1 cm thick shear zone 
and the surrounding country rock.  The country rock foliation is transposed to sub-
parallel the shear zone within a couple of millimeters of the shear zone boundary.  
Spectra from numerous points were obtained throughout this sample, including from the 
shear zone and the surrounding country rock.  The spectra can therefore be subdivided 
into categories based on the relative degree of strain exhibited in the rock at the points 
from where the data was collected.  The data for the shear zone portion of the sample are 
divided into two categories, intermediate strain and high strain (Table 6.6).  The data 
gathered on the intermediate strained portion of the shear zone were derived from quartz 
grains within the upper and lower boundaries of the shear zone where country rock 
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foliation was transposed to sub-parallel the shear zone foliation.  These boundary layers 
contain ribbon grains on the scale of ~1 mm.  The data gathered on the high strained 
portion of the shear zone were derived from the grains comprising the more central part 
of the shear zone, which contains highly stretched and thinned ribbon grains, the largest 
of which are a few hundred microns thick.  Only five grains were identified that were 
large enough for analysis in this portion of the shear zone.  The majority of the grains are 
significantly finer grained than the thickness of the thick section, and therefore the 
intragranular water contents could not be measured.  The less strained portion of the 
sample is composed of the country rock outside of the shear zone which maintains its 
original foliation (i.e., it is not transposed or partially transposed to parallel the shear 
zone boundary).   
The combined results of the shear zone analyses (from both the intermediate and 
high strained portions) are displayed in Table 6.2 and discussed in section 6.2.2.  The 
results are divided into categories (intermediate and high strain) in Table 6.6.  The water 
contents in the high strained portion of the sample average 2610 H:106 Si, or 390 ppm, 
and range from 1130-5530 H:106 Si (170-830 ppm), whereas the water contents in the 
intermediate strained portion of the sample average 1490 H:106 Si, or 220 ppm, and range 
from 240-2550 H:106 Si (40-380 ppm).  The water contents in the low strained portion of 
the sample outside of the shear zone are lower, averaging 1310 H:106 Si, or 200 ppm, and 
range from 190-3000 H:106 Si (30-450 ppm).  These results may be compared to the 
results from the country rock sample SCM-17b which yielded even lower average water 
contents of 830 H:106 Si, or 150 ppm (Table 6.1; see section 6.2.2).  This sample was 
collected from the country rock within a meter of sample SCM-17 (Figure 6.1).  
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6.3 BRIEF SUMMARY AND DISCUSSION 
The water content data for individual spectral analyses fluctuate widely within 
each sample, yielding large standard deviations (Tables 6.1-6.6).  This high variability in 
data values is not unusual for FTIR spectral analyses of deformed rocks (e.g., Gleason 
and DeSisto, 2008).  Quartz grains in deformed rocks contain substantial internal defects 
(including water) that are unevenly dispersed within the crystal lattices.  Muto et al. 
(2005) demonstrated through micro-IR mapping and cathodoluminescence imaging that 
even in mylonites that are only weakly deformed, molecular water and hydroxyl species 
are heterogeneously distributed.  They also demonstrated over a scale of hundreds of 
microns that water content is lower in the dynamically recrystallized quartz portion of a 
single quartz aggregate than in the more deformed portion.  Because of this phenomenon 
of heterogeneous water distribution in deformed and recrystallized quartz, the data for the 
rocks of the Stone Corral study area are discussed for their importance in discerning 
relative, rather than absolute, differences in water content among the various samples.  
Important systematic differences do exist among the different categories of samples, and 
the relative differences in average water contents among the categories are very useful for 
providing a general understanding of the fluid-deformation interactions that may have 
occurred across the study area. 
6.3.1 Hydrolytic Weakening and Shear Localization 
Infrared spectroscopy has served as one of the most utilized techniques for 
studying the effects of hydrolytic weakening of quartz in both naturally and 
experimentally deformed samples as it directly measures the water contents of individual 
grains and grain aggregates (Griggs and Blacic, 1965; Kronenberg and Wolf, 1990; Post 
and Tullis, 1998). These studies have demonstrated a strong correlation between 
increasing intragranular water content and decreasing ductile yield strength of quartz.  
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Experimental studies have also demonstrated that the IR absorption spectra of “dry” 
quartz (i.e., without molecular water) and “wet” quartz exhibit easily distinguishable 
characteristics (see Kronenberg et al., 1990 for a review). Dry quartz spectra are 
characterized by small, jagged wavenumber profiles between ~3600 cm-1 to 3200 cm-1, 
whereas wet quartz spectra are characterized by a large and broad wavenumber profile 
with a midpoint near ~3400 cm-1.  These varying absorption profile characteristics are 
attributed to differences in the amounts and types of species of water (hydroxyl and 
molecular H2O) present in the grains.  Dry quartz spectra provide a measurement of the 
IR light absorbed by stretching vibrations of hydroxyl species, whereas wet quartz 
spectra provide a measurement of the IR light absorbed both by stretching vibrations of 
hydroxyl species and by molecular H2O species, which most likely exist as sub-
microscopic fluid inclusions (Kronenberg et al., 1990; Gleason and DeSisto, 2008).   
The majority of the spectra from the analyzed quartz in all of the samples from 
the Stone Corral study area exhibit the broad peak characteristic of wet quartz rather than 
the small jagged peaks characteristic of dry quartz, including the quartz in the country 
rock samples.  This result indicates that the rocks were wet before shear zone 
mylonitization commenced.  Country rock sample B-4, which appears non-deformed in 
the field and hand sample, but exhibits weak deformation and recrystallization in thin 
section (Figure 3.6A, C), yielded similar water contents to the other more deformed 
country rock samples (HQ-D, SCM-6, and SCM-17b; Tables 6.1, 6.7).  This similarity 
suggests water in the country rocks was present before initiation of the country rock 
deformation because water content does not correlate with the degree of deformation in 
these samples.  Regardless, the water contents measured in the country rocks provide a 
starting point for determining external fluid interactions during shearing and inferring the 
role of hydrolytic weakening in the shear zone mylonites.    
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The mylonite samples from the large (few hundred meters thick) Stone Corral 
ridge shear zone (samples H3 and B-3) and from the isolated shear zones on the crest of 
Stone Corral ridge (samples B-5 and B-9) yielded very similar average water contents of 
100-130 ppm and 100-120 ppm, respectively (Table 6.7).  These water contents are 
slightly lower than the average water contents measured in the country rock samples, 
which ranged from 150-180 ppm, which implies that water was not significantly more 
abundant during mylonitization of these rocks.  In thin section, the Stone Corral ridge 
shear zone samples exhibit abundant syn-deformational myrmekite which suggests fluids 
must have been present during deformation and likely played an important role in the 
microstructures present.  However, myrmekite is also widespread in the country rock 
samples, present as much larger plagioclase lobes with much thicker quartz vermicules.  
Much of the myrmekite in the country rock is present on the foliation-parallel edges of 
the feldspar porphyroclasts, which suggests that at least some of it was also syn-
deformational, and therefore fluids were likely also present during the country rock 
deformation.  The similarity in the mineralogy and microstructures of the some of the 
Stone Corral ridge shear zone samples (such as H3) to the country rock samples suggests 
that mylonitization and country rock deformation occurred under similar (likely 
amphibolite-facies) deformation conditions (see section 3.7).  The similarity in water 
contents between the Stone Corral ridge shear zone samples and the country rock samples 
would be expected if both deformation phases occurred under similar conditions and 
were closely spaced in time.   
The thin sections of the isolated shear zones do not contain evidence for abundant 
fluids, and these shear zones appear to have deformed under lower temperature 
conditions (see section 3.7).  The similarity in fluid content between these mylonites and 
the higher temperature mylonites and country rocks suggests that additional fluid was not 
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introduced during the lower temperature mylonitization event.  This supposition is 
consistent with the hypothesis that the isolated mylonitic shear zones deformed at 
greenschist-facies conditions during exhumation of the metamorphic core complex 
footwall when the fluid:rock ratio was likely very low, considering no fluid sources are 
known to have been available at this time (see Chapter 7). 
In contrast, the samples from the discrete shear zone mylonites of the northern 
study area (samples H1, SCM-17, SCM-51, and HQ-C) all exhibited significantly higher 
water contents than their host rock samples with sample averages of 260-680 ppm (Table 
6.7).  The average water content for all of the discrete shear zone samples is 450 ppm, 
which is significantly higher than the average for all the country rock samples at 160 
ppm, the Stone Corral ridge shear zone samples at 120 ppm, and the isolated shear zone 
samples near the crest of Stone Corral ridge at 110 ppm.  These results imply that 
significantly more water was present in the discrete shear zone rocks during deformation, 
and therefore that hydrolytic weakening may have played a significant role in the 
localization of strain into these thin zones.     
The plethora of data collected from sample SCM-17 indicate that water content 
correlates well with the degree of strain exhibited by the rock as examined at the scale of 
a thin section (Table 6.6).  The highly strained central portion of the shear zone contained 
the highest water contents with an average of 390 ppm.  The coarser grained, less 
intensely sheared boundaries of the shear zone contained lower water contents with an 
average of 220 ppm, and the much lower strained country rock immediately adjacent to 
the shear zone contained the lowest water contents of the sample with an average of 200 
ppm.  A separate sample of the country rock (sample SCM-17b) that was collected less 
than a meter away from sample SCM-17, but still in the same outcrop, yielded the lowest 
water contents with an average of 150 ppm.   
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The 37 spectra collected from the quartz grains within sample SCM-17 may be 
the largest FTIR study conducted on the relationship between strain and water contents in 
quartz on the scale of a thin section.  The results suggest that the water content and the 
degree of strain correlate well when averages are considered, and these results are in 
agreement with the results of a handful of other FTIR spectroscopy studies that have been 
conducted on naturally deformed rocks at a broad range of scales, including the micron 
scale (Muto et al., 2005), the meter scale (Kronenberg et al., 1990; Gleason and DeSisto, 
2008), and even the kilometer scale (Nakashima et al., 1995).  The results of this study 
provide an example of this relationship on the thin section (millimeter-centimeter) scale.   
 The FTIR spectroscopy results are consistent with the hypothesis that the discrete 
shear zones initiated on antecedent fractures.  Fluids would have preferentially migrated 
through fractures which provided more porosity and permeability than the surrounding 
rock.  The rock adjacent to the fractures, and therefore adjacent to the fluid flow paths, 
would have undergone more interaction with the penetrating fluid than the rock further 
away, a relationship that seems to be very well exemplified in the data from sample 
SCM-17.  The quartz present in the rock adjacent to the fractures consequently would 
have undergone a greater degree of hydrolytic weakening, and strain would likely have 
been preferentially accommodated by this weakened phase.  Hydrolytic weakening of 
quartz, therefore, likely played a key role in the localization of strain into the discrete 
zones.   
6.3.2 The Role of Fluid-rock Interaction on Shear Zone Morphology 
The discrete shear zones with the central epidote vein, bleached halo, and flanking 
paired shear zones morphology yield a significantly greater average water content (600 
ppm) than the discrete shear zones without this morphology (310 ppm), indicating that 
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more water was present in these shear zones during deformation (Table 6.7).  This result 
provides strong evidence that the degree of fluid-rock interaction experienced by the 
rocks in the shear zones was an important variable in the development of the two 
different discrete shear zone morphologies.  This assertion is consistent with the findings 
of Mancktelow and Pennacchioni (2005) in their study of similar shear zones in the Alps.  
These authors concluded that the degree of fluid-rock interaction was the determining 
factor for whether the discrete shear zones would develop a central vein and bleached 
halo morphology or whether the shear zones would simply develop symmetrically on 
both sides of fracture traces.  The FTIR data provided here for the samples from the 
Stone Corral study area indicate quantitatively that greater quantities of fluid were indeed 
present in the shear zones with the central vein and bleached halo morphology and 
therefore were likely a requirement for their development.  The possibility also exists that 
differences in fluid chemistry may have played a significant role in the development of 
the two different shear zone morphologies.  However, the metamorphic minerals 
associated with the shear zones with veins and bleaching (i.e., epidote, titanite, apatite, 
and non-symplectic oligoclase and myrmekite replacement products) are also present in 
the other discrete shear zones, but to a much lesser degree.  This observation also 
suggests that the amount of fluid may have been more responsible for the differing 





Figure 6.1: Areal photograph of the Stone Corral study area with locations of samples 
plotted that were used for FTIR spectroscopy (photograph from Google 







Figure 6.2: Features of FTIR spectral peaks. Absorbances have not been normalized for 
sample point thicknesses. See Appendix A for all spectral peaks. A) 
Smooth, broad bell-shaped curve with a mid-point around 3400 cm-1, typical 
of molecular water; country rock sample B-4; B) A smaller peak at 3380  
cm-1 is superimposed on the larger, molecular water peak, and may be 
related to aluminum substitution (Kronenberg, 1994 and references therein); 
Stone Corral ridge shear zone sample B-3; C) A smaller peak at 3620 cm-1 is 
superimposed on the larger, molecular water peak, and may be related to the 
presence of fine grained mica; discrete shear zone sample H1; D) Spectrum 
has a sloping background due to internal defects in the quartz grain and/or 











Table 6.1: FTIR spectroscopy point absorbance measurements, thickness 
measurements, and calculated water contents for the interiors of quartz 
grains in the country rock samples. The mean water concentration (μ) and 
standard deviation (σ) are reported for each sample. 
 167 
   
Table 6.2: FTIR spectroscopy point absorbance measurements, thickness 
measurements, and calculated water contents for the interiors of quartz 
grains in mylonites from the discrete shear zones without the central vein, 
bleached halo, and flanking paired shear zones morphology.  The mean 
water concentration (μ) and standard deviation (σ) are reported for each 
sample. 
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Table 6.3: FTIR spectroscopy point absorbance measurements, thickness 
measurements, and calculated water contents for the interiors of quartz 
grains in mylonites from the discrete shear zones with the central vein, 
bleached halo, and flanking paired shear zones morphology. The mean 




Table 6.4: FTIR spectroscopy point absorbance measurements, thickness 
measurements, and calculated water contents for the interiors of quartz 
grains in the mylonites from the Stone Corral ridge shear zone. The mean 






Table 6.5: FTIR spectroscopy point absorbance measurements, thickness 
measurements, and calculated water contents for the interiors of quartz 
grains in the mylonites from the isolated shear zones. The mean water 







   
Table 6.6: FTIR spectroscopy point absorbance measurements, thickness 
measurements, and calculated water contents for quartz grain interiors in 
sample SCM-17.  The data are categorized by relatively high strain (grains 
in the central part of the shear zone), intermediate strain (grains in the 
boundary area of the shear zone), and low strain (country rock foliation 
immediately adjacent to the shear zone). The mean water concentration (μ) 
and standard deviation (σ) are reported for each category. 
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Table 6.7: Summary of average intragranular quartz water contents in individual 
samples and sample categories. Water content is much higher in quartz in 
the discrete shear zone mylonites than in the other sample categories.  The 
discrete shear zones with the central vein, bleached halo, and flanking paired 
shear zones morphology have more water in quartz than the discrete shear 















Chapter 7:  Stable Isotope Analysis 
Oxygen isotope analysis was conducted on quartz and feldspar in many samples 
throughout the study area, including samples from the country rocks, the discrete shear 
zones, the Stone Corral ridge shear zone, and the isolated shear zones on the crest of 
Stone Corral ridge.  Oxygen stable isotope analysis was also conducted on epidote from 
the central epidote vein in the discrete shear zone sample, SCM-51 (Figures 2.9D-F; 
3.11A-B, D), and on metamorphic epidote in the country rock sample, SCM-6 (Figures 
3.3A-B, 3.4A).  The analyses were conducted to determine 1) which rocks in the study 
area had undergone fluid infiltration, 2) the source(s) of the fluid(s) affecting the rocks, 3) 
any isotopic variations among the rocks, and 4) the nature of fluid flow in the area (i.e., 
channelized or pervasive flow).   
An understanding of the fluid flow history in the study area is important for a 
number of reasons.  Because the samples in the study area are all composed of granite, 
any significant isotopic depletion in only some of the samples (e.g., the greenschist facies 
mylonites from the isolated shear zones on the crest of Stone Corral ridge) would indicate 
that those samples likely underwent deformation at a different time than the others.  In 
addition, determining the source of the shear zone fluid is helpful in testing the 
hypothesis that the shear zones formed during metamorphic core complex (MCC) 
deformation.  A meteoric source of fluid would provide evidence for MCC deformation, 
whereas an igneous and/or metamorphic source of fluid would provide evidence for Late 
Cretaceous deformation (see section 7.3.2).  The isotopic analyses of the discrete shear 
zones affected by veining and/or bleaching, therefore, are especially important because 
these shear zones were clearly infiltrated with a significant amount of fluid that likely 
affected the isotopic compositions of the minerals.   
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Additionally, quartz-feldspar and quartz-epidote geothermometry were performed 
on a couple of discrete shear zone samples in an effort to obtain an estimate of the 
mylonitization temperature.  The temperatures yielded by the analyses, however, are 
likely quartz closure temperatures rather than deformation temperatures.  The 
geothermometry methods and data are presented and further discussed in Appendix B. 
7.1 METHODS 
7.1.1 Sample Selection 
Oxygen isotope analysis was performed on quartz and feldspar in eight samples 
from the Stone Corral study area (Figure 7.1).  Three of the samples were collected from 
the country rock, two of which (H2 and SCM-6; Figure 1.4D) were collected from the 
northern part of the study area, and one of which (B-4) was collected from the southern 
part of the study area near the crest of Stone Corral ridge.  Three of the samples were 
collected from discrete shear zones in the northern part of the study area.  One of these 
samples (H1; Figure 1.4D) was collected from a shear zone without the central vein, 
bleached halo, and flanking paired shear zones morphology, whereas another sample 
(SCM-51; Figures 1.5E-F; 2.9D-F) was collected from the bleached halo portion of a 
shear zone with this unique morphology.  The third sample (HQ-B) was collected from 
the mylonitic portion of a shear zone that displayed a less deformed bleached section 
flanked by a mylonite zone, but did not contain any veins.  One sample (B-3) was 
collected from the Stone Corral ridge shear zone, and another sample (B-9) was collected 
from one of the isolated shear zones on the crest of Stone Corral ridge in the southern 
part of the study area.  Oxygen isotope analysis was also performed on epidote from two 
of the samples.  The epidote grains analyzed were collected from the central epidote vein 
of sample SCM-51 and from the scattered epidote grains in sample SCM-6, which was 
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the least deformed of the country rock samples collected in the northern part of the study 
area.   
7.1.2. Sample Preparation and Analytical Methods  
The samples were cut into hand-sized slabs, crushed with a mortar and pestle, and 
run through sieves with grid sizes of 2 mm, 1 mm, 710 μm, 500 μm, 355 μm, and 125 
μm.  Mineral separates were then handpicked under a binocular stereo microscope.  Most 
grains picked ranged in size from 355 μm to 710 μm.  Grains were immersed in a petri 
dish filled with ethanol, and were broken apart and scraped clean by hand with a tungsten 
needle until all visible mineral coatings and inclusions were removed.   
The sample grains were then analyzed in a ThermoElectron MAT 253 stable 
isotope mass spectrometer located in the Department of Geological Sciences at the 
University of Texas at Austin.  The spectrometer is equipped with a laser fluorination 
oxygen extraction line, a BrF5 vacuum extraction system, and a series of NaCl and liquid 
nitrogen traps.  The sample was heated by an infrared laser in a chamber with purified 
BrF5 which resulted in the liberation of the oxygen in the sample in a gaseous form.   The 
gas was then filtered through the NaCl and liquid nitrogen traps for purification, amassed 
onto a 5 angstrom molecular sieve, and measured with a precision of ±0.05-0.06‰.  
Quartz and garnet standards were analyzed both before and after the sample analyses to 
confirm the analyses were valid.  The δ18O values were calculated relative to V-SMOW. 
7.2 RESULTS 
7.2.1 Quartz and Feldspar Oxygen Isotopes 
The oxygen isotope results for the quartz and feldspar grains in all the samples are 
listed in Tables 7.1 and 7.2 and plotted in Figure 7.2.  In three of the samples (country 
rock sample, SCM-6, and discrete shear zone samples, SCM-51 and HQ-B), feldspar 
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grains underwent an unknown reaction within the chamber and turned a banana yellow 
color.  These samples were analyzed first, and the error associated with them has been 
increased to ±0.25‰ to compensate for the uncertainties associated with the causes and 
effects of this reaction.  The quartz grains in two of the samples (discrete shear zone 
sample, H1, and Stone Corral ridge shear zone sample, B-3) left behind a residual white 
powder after heating, which indicates that the grains were contaminated, possibly by 
internal small inclusions of a separate mineral.  The existence of a small peak at 3620 cm-
1 in many of the FTIR spectral peaks obtained from the quartz in the mylonitic samples 
suggests that sub-optical mica flakes may have been present in the quartz (see Section 
6.2.1).  If mica inclusions were unknowingly incorporated in the quartz stable isotope 
analyses, the resulting isotopic values would be lowered.  One of the two contaminated 
samples did provide the lowest quartz δ18O values, but the other sample provided the 
highest value.   
The oxygen δ18O values of the quartz in the samples range from 8.51±0.05 to 
9.68±0.05‰, whereas the values of the feldspars range from 6.48±0.25‰ to 
8.15±0.05‰.  The isotopic values for the country rock samples overlap with those from 
the mylonitic samples; no discernible difference exists between the two groups (Figure 
7.2).  Although the quartz δ18O values of the two contaminated samples, HQ-B and H1, 
are slightly lower and slightly higher than the other samples, respectively, no significant 
differences are apparent among the mylonitic samples collected from the discrete shear 
zones, the Stone Corral ridge shear zone, and the isolated shear zones near the crest of the 
mountain (Figure 7.1).   
 177 
7.2.2 Epidote Oxygen Isotopes  
The δ18O values of the epidote mineral separates from the country rock sample 
(SCM-6) and the discrete shear zone mylonite sample (SCM-51) are radically different 
(Table 7.2).  For sample SCM-51, in which the separates analyzed were acquired from 
the central deformed epidote vein, the δ18O value was 4.83±0.06‰.  For sample SCM-6, 
in which the separates analyzed were isolated grains scattered throughout the sample, the 
δ18O value was 2.57±0.06‰. 
7.3 FLUID HISTORY 
All of the δ18O values, even those from the contaminated samples, are within the 
ranges of values expected for quartz and feldspar in igneous rocks (~5-15‰; Taylor, 
1968; Taylor and Sheppard, 1986).  Igneous rocks, however, rarely preserve the 
magmatic crystallization values, but instead record other geologic phenomena that 
affected the rocks.  Original oxygen isotopic crystallization values are preserved only if 
the initial isotopic equilibrium among the phases is maintained through cooling, which is 
extremely unlikely to occur unless the rock is quenched (Giletti, 1986).  Additionally, this 
equilibrium must be maintained through all subsequent processes that act on the rock, 
including any metamorphism and deformation.  Thus, the δ18O values of plutonic rocks 
more likely will provide information on the compositions of infiltrating fluids (Taylor, 
1973; Taylor, 1990; Wickham and Taylor, 1990), temperatures of deformation (O’Hara et 
al., 1997), cooling rates of plutons (Crowley and Giletti, 1983), or rates of denudation 
and uplift (Giletti, 1986).  The oxygen stable isotope analyses in this study were 
conducted to gain information on these types of secondary processes.  
 178 
7.3.1 Isotopic Evidence for Fluid Infiltration 
7.3.1.1 Subvertical Distribution of Quartz and Feldspar Isotopic Data in δ-δ Space 
The data for quartz-feldspar mineral pairs have been plotted in Figure 7.2 with the 
δ18O of quartz, the lower exchange rate mineral, on the x-axis and the δ18O of feldspar, 
the higher exchange rate mineral, on the y-axis.  The distribution of the data points in δ-δ 
space may be viewed as a function of the processes that operated during the setting of the 
oxygen isotopes.  If closed system cooling occurred, isotopic exchange among minerals 
would have continued until closure temperatures were reached without further disruption.  
In this case, a line fit to the points in δ-δ space would have a negative slope (Gregory and 
Criss, 1986).  Conversely, if open system hydrothermal alteration occurred, the isotopic 
systematics would have been disrupted, and a line fit to the points in δ-δ space would be 
steep with a positive slope, indicative of disequilibrium (Gregory et al., 1989).  In the 
case of hydrothermal alteration, the line may be near-vertical during the initial fluid 
influx, whereas if the event is very long lasting, the slope of the line would gradually 
rotate to shallower values and approach 45° when equilibrium was reached.    
   The δ-δ plot of the quartz and feldspar values from the Harquahala country rock 
samples (H2, SCM-6, and B-4) reveals steep, near vertical slopes (Fig. 7.2).  The slopes 
for the discrete shear zone mylonitic samples from the northern part of the study area 
(H1, HQ-B, and SCM-51) are similarly steep.  The contaminated sample, H1, is plotted 
further left than the others, but this is likely an artifact of the contamination; quartz is the 
isotopically heaviest mineral in the granites, so any contamination would shift the isotope 
composition to lower values.  A shift to the right of the data for sample H1 would only 
better define the steep, subvertical trend of the data points.  The other two mylonite 
samples (Stone Corral ridge shear zone sample, B-3, and isolated shear zone sample, B-9) 
also plot in the subvertical array, although the value of the quartz in the contaminated 
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sample, B-3, would likely plot further to the right if the contaminating particles were 
absent.  The subvertical trends of the quartz and feldspar data in δ-δ space for both the 
mylonitic samples and the country rock samples suggest that the rocks were affected by 
open system hydrothermal alteration, either by meteoric waters (Gregory et al., 1989) or 
by deeper metamorphic or igneous waters (Žák et al., 2005).   
The disequilibrium conditions produced during fluid influx in granitic rocks 
commonly result in variations in ΔQtz-Fsp oxygen isotope values among samples.  These 
variations are characterized by relatively similar δ18O quartz values among the samples 
and by wider variation in δ18O feldspar values among the samples (Gregory et al., 1989).  
In the Harquahala samples, if the outlier ΔQtz-Fsp value of 0.36‰ from the contaminated 
sample, H1, is ignored, the ΔQtz-Fsp values display a wide range from 1.35‰ to 2.62‰ 
(Table 7.2).  A 1.7‰ difference exists between the highest and lowest feldspar δ18O 
values, whereas only a 0.45‰ difference exists between the highest and lowest δ18O 
quartz values if the two contaminated quartz samples are ignored.  These variations are 
significant, and suggest that the feldspar in the samples underwent oxygen isotopic 
exchange with another phase at a temperature that was low enough that quartz was closed 
to exchange.  The feldspar may have exchanged with another mineral phase (e.g., biotite), 
but likely also exchanged with a fluid phase. 
The quartz δ18O values of the Stone Corral samples, which range from 8.51-
9.68‰, are lower than the values typically reported for unaltered S-type granites, which 
range from 9.5-11.4‰ (Harris et al., 1997).  This departure from normal values further 
indicates that post-magmatic crystallization fluids likely had an influence on isotopic 
exchanges.  Furthermore, the overlapping quartz and feldspar δ18O arrays in δ-δ space for 
the mylonitic samples and the country rock samples suggest that this exchange occurred 
pervasively, both inside and outside of the shear zones.  Thus, both the deformed country 
 180 
rock and the cross-cutting shear zones were likely infiltrated by fluids from similar 
sources. 
7.3.1.2 Discrepancies in Epidote Oxygen Isotope Data 
Metamorphic epidote was analyzed in a country rock sample (SCM-6) and vein 
epidote was analyzed in a discrete shear zone sample (SCM-51) to compare the chemistry 
of these two different forms of epidote and thus determine whether they formed in the 
presence of fluids from the same or different sources.  The large difference in epidote 
oxygen isotope values between the two samples is significant if accurate.  Unfortunately, 
the analysis of the epidote from sample SCM-6 may have been contaminated.  The 
epidote in this sample was very fine grained and because much of the epidote was 
symplectic in nature, the grains were intertwined with other minerals.  Some of the grains 
had a thin coating of hematite as well.  Great care was taken to remove any trace of the 
other minerals, but once this removal was complete, the grain size of the epidote was so 
small it could hardly be seen by the naked eye, which introduces the possibility that 
remnants of other minerals that were too small to be visible may have been present 
during analysis.  Remnants of quartz and feldspar would have raised the δ18O epidote 
value and reduced the Δquartz-epidote value, whereas remnants of hematite would have 
lowered the δ18O epidote value and increased the Δquartz-epidote value.   
On the other hand, the δ18O value of the feldspar was also lower in sample SCM-6 
than in all of the other samples analyzed.  This result may suggest that the sample was out 
of isotopic equilibrium.  The subvertical array of the quartz and feldspar δ18O data in δ-δ 
space for the three country rock samples also suggests the country rock oxygen isotope 
system was out of equilibrium, likely as a result of fluid infiltration.  In this case, the 
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lower epidote δ18O value would not be as unusual.  Unfortunately, not enough data was 
collected to test these two hypotheses.   
7.3.2 Source of the Fluid 
The quartz and feldspar oxygen isotope data imply that hydrothermal alteration 
affected both the country rocks and the mylonites.  The presence of fluid during 
mylonitization of the discrete shear zones is also strongly suggested by the morphology 
of the mylonites with central veins and bleached haloes, the petrographic characteristics 
of the mylonites (e.g., the presence of synkinematic myrmekite and non-symplectic 
oligoclase replacement products, and the widespread BLG recrystallization or 
neocrystallization of feldspar), and the FTIR water content analyses.  The quartz and 
feldspar oxygen isotope data indicate that the source of the fluid present during 
deformation must have been igneous or metamorphic water as meteoric water is 
isotopically light.  Meteoric water would have depleted the isotopic values of the 
feldspar, particularly in the heavily fluid-infiltrated grains of the discrete shear zones with 
the central veins and bleached haloes which clearly underwent significant interaction 
with the fluids.  The oxygen isotope value of the vein epidote in sample SCM-51 is 
within the range of values for magmatic and metamorphic epidote in plutonic rocks 
(Keane and Morrison, 1997; Ferreira et al., 2003; Morrison, 2004), and is therefore also 
consistent with an igneous or metamorphic source for the parent fluid. 
The identification of an igneous or metamorphic source of the fluids is significant 
as it helps to constrain the structural and metamorphic setting that may have been 
responsible for the formation of the shear zones.  In particular, the data help to determine 
if a metamorphic core complex setting is an appropriate interpretation for the formation 
of the shear zones.  Two different models have been proposed for the nature of fluid-rock 
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interaction during MCC extension and unroofing.  Fricke et al. (1992) proposed a model 
in which meteoric water penetrates both the upper and the lower plate of the MCC, 
potentially percolating to depths of greater than 10 kilometers during deformation by the 
mechanisms of seismic pumping and dilatancy pumping.  The isotope data of the present 
study, however, exclude the possibility of syn-kinematic meteoric water penetration in 
the Harquahala rocks during development of the discrete shear zones.  
Reynolds and Lister (1987) proposed an alternative two-fluid system model, in 
which the upper plate (i.e., hanging wall) of a core complex interacts with meteoric and 
connate fluids at near-hydrostatic conditions during deformation while the lower plate 
(i.e., footwall) of a MCC is affected by deep-seated igneous fluids at high fluid pressure 
conditions during deformation.  In this model, the deep-seated igneous fluids are sourced 
from plutons and travel up the lower plate shear zone into the upper plate detachment 
fault to lower pressure, lower temperature, and more porous conditions, whereas the 
upper plate fluids do not travel down the fault or infiltrate the lower plate ductile shear 
zones.  Other MCCs in California and Arizona provide examples of this model, including 
the Whipple Mountains, Picacho Mountains, and South Mountains MCCs (Kerrich et al., 
1984; Smith and Reynolds, 1985; Kerrich and Rehrig, 1987, Smith et al., 1991; Morrison, 
1994).  However, deformation in these MCCs occurred shortly after the intrusion of 
Tertiary plutons, which would have provided a source for the magmatic fluids that have 
been inferred to have been present during footwall deformation.  Conversely, in the 
Harquahala MCC, no Tertiary plutons are exposed.  Unless a pluton is unexposed at 
depth, no magmatic fluid source would have been available to interact with the shear 
zones during MCC deformation. 
The other possible source for the fluids, metamorphism, also would not be 
compatible with the shear zones forming during MCC deformation as the rocks in the 
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MCCs of the Whipple detachment system and the other detachment systems in Arizona 
experienced prograde metamorphism during the Late Cretaceous and/or Early Tertiary, 
and therefore the fluids that would have been released through metamorphism would 
have dissipated substantially earlier than the initiation of Miocene MCC mylonitization.  
Additionally, because retrograde metamorphism is prevalent during MCC deformation, 
fluid is absorbed in hydration reactions rather than released (Reynolds and Lister, 1988).  
Therefore, no metamorphic fluid source would have been available during the 
deformation of the Harquahala MCC.   
If the shear zones instead formed during the Late Cretaceous (also see Chapter 8) 
then both an igneous and a metamorphic fluid source may have been available.  The 
extensive Late Cretaceous plutonism in the northeastern portion of the range could have 
provided the source for igneous waters, whereas prograde metamorphism at deeper levels 
may have provided the source for metamorphic waters.  The Brown’s Canyon granite, 
which hosts many of the shear zones in the study area, yielded a zircon crystallization age 
of ~75.5 Ma (see Chapter 8).  A sample of the granite ~1.5 km to the southwest of the 
study area yielded a younger zircon crystallization age of ~65 Ma, and a sample another 
~5.5 km further to the southwest yielded an age of ~67 Ma (Michael Prior, unpublished 
data).  These ages suggest that the Late Cretaceous plutonism in the Harquahala 
Mountains was a protracted event.  The crystallization of the nearby younger bodies of 
Late Cretaceous granite could have provided the fluids that facilitated the metamorphism 
in the study area.   
Conversely, the fluids may have had a metamorphic origin and been sourced from 
rocks at greater depth.  Although the fluid-rich metamorphic event that affected the 
granite in the study area occurred shortly after peak metamorphism (Richard, 1988), the 
fluid-rich metamorphism may have been synchronous with peak metamorphism of rocks 
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at depth.  In a region affected by crustal thickening, such as the Maria Fold and Thrust 
Belt, deeper levels of the crust commonly experience peak metamorphism later than do 
shallower levels of the crust if uplift occurs synchronously with or shortly succeeds the 
thickening (Stüwe, 1998).  Volatiles released by dehydration reactions during peak 
metamorphism in the deeper crust will migrate to shallower levels, and therefore a post-
peak metamorphic fluid infiltration event may be recorded in the rocks.  This infiltration 
event, which may leave a retrograde metamorphic overprint on the rocks, is simply a later 
stage of one protracted metamorphic event.  In actively deforming structural settings 
undergoing this history, the fluids will likely be channelized along shear zones (Clark et 
al., 2005). 
7.3.3 Pervasive vs. Channelized Fluid Flow  
In the nearby Little Harquahala Mountains (Figure 1.1), a Late Cretaceous fluid-
rich metamorphic event has also been recognized.  The Rb-Sr whole rock isochron ages 
of early Cretaceous (166 ± 11 Ma) volcanic rocks of various compositions were reset at 
70 ± 3 Ma (Asmerom et al., 1991).  The homogeneous resetting of the ages in all of the 
samples implies that fluid-rich metamorphic conditions must have prevailed at ~70 Ma, 
and that fluid flow must have been pervasive.  This timing is identical to the timing of the 
fluid-assisted metamorphism of the Stone Corral study area (Richard, 1988; Chapter 8 of 
this study), and the isotopic resetting of the rocks in the Little Harquahala Mountains may 
be a shallower level expression of the same event as the fluids continued to travel 
upwards to lower temperatures and pressures.   
The discrete shear zones in the northern part of the study area clearly underwent 
greater fluid-rock interaction than the country rock and the Stone Corral ridge shear zone 
as is indicated by the higher water contents measured by FTIR spectroscopy and the 
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presence of central veins and bleached haloes in some of the shear zones.  However, the 
overlapping vertical arrays of quartz and feldspar δ18O values in δ-δ space for the country 
rocks and the shear zones (Figure 7.2), as well as the hydrous metamorphic mineral 
assemblages (e.g., biotite, epidote, apatite, and myrmekite) in all the amphibolite-facies 
samples (i.e., country rock and mylonite) suggest that fluid flow was quite extensive.   In 
conjunction, the available data suggest that fluid flow may have been pervasive during 
the metamorphism as was the case in the adjacent Little Harquahala Mountains, but that 
significantly greater volumes of fluid were channelized through the discrete shear zones.  
If the discrete shear zones reactivated antecedent fractures, the increased porosity and 
permeability provided by the fractures would easily explain how and why the fluids were 
channelized. 
7.3.4 Summary  
The stable isotope data indicate that all the rocks in the study area were infiltrated 
by fluids from the same source or similar sources as significant isotopic variations are not 
present among the different types of samples.  The fluids affecting the rocks were 
isotopically heavy, and therefore must have been igneous or metamorphic, rather than 
meteoric, and likely infiltrated during the Late Cretaceous.  Although fluid flow was 





Figure 7.1: Areal photograph of the Stone Corral study area with locations of samples 
plotted that were used for stable isotope analyses (photograph from Google 




Figure 7.2: Plot of δ18O quartz and feldspar values for all samples.  Both the country 
rocks and mylonites form subvertical arrays that overlap.  The lower quartz 
value of the outlier discrete shear zone sample is likely in error as it was 






Table 7.1: Raw and calibrated oxygen isotope data for all samples and standards.  Key: 









Table 7.2: Summary table of oxygen isotope data.
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Chapter 8:  U-Pb Geochronology 
U-Pb isotope analysis using a Laser Ablation Inductively Coupled Plasma Mass 
Spectrometer (LA-ICP-MS) was performed on titanite grains in samples from the country 
rock in the northern part of the study area, the discrete shear zones, and the Stone Corral 
ridge shear zone (Figure 8.1).  The dating was executed to determine the timing of 
metamorphism and deformation in each of these categories of rocks.  Both cores and rims 
of the grains were analyzed to document different generations of titanite growth, if 
present.  Additionally, both deformed and undeformed or less deformed grains were 
analyzed to search for different generations of nucleation and growth of titanite grains.  
U-Pb isotope analysis was performed on zircon grains in one sample from undeformed 
granite near the crest of Stone Corral ridge to determine the crystallization age of the 
granite (Figure 8.1).   
8.1 METHODS 
8.1.1 Sample Selection 
U-Pb isotope analysis of titanite was performed on nine samples from the 
northern portion of the study area (Figure 8.1).  Three of the samples analyzed (SCM-6, 
SCM-48-2, and HQ-D) were collected from the deformed country rock.  Six of the 
samples analyzed were collected from mylonitic shear zones.  Three of these (H1, SCM-
12, and SCM-17) come from discrete shear zones without central veins or bleaching 
(Figure 1.4). Another one of these samples (SCM-51) comes from the bleached halo of a 
well-developed shear zone with the central vein, bleached halo, and flanking paired shear 
zones morphology (Figure 1.5E-F).  The remaining two samples, a mylonite (H3) and a 
protomylonite (SCM-19), come from the Stone Corral ridge shear zone. The 
protomylonite was collected from the gradational northern boundary of the shear zone.  
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An additional sample (AZSC-6) was collected from the country rock in the southern part 
of the study area for U-Pb isotope analysis of zircons.  
8.1.2 U-Pb Isotopic Analysis 
Titanite and zircon grains were analyzed at the University of Texas at Austin 
using a 193nm ArF Excimer laser ablation system with a Helex cell coupled to an 
Element 2 high resolution inductively coupled plasma mass spectrometer.   Standard 
titanites (OLT?) and zircons (GJ1) were measured under identical operating conditions, 
bracketing the samples to correct for instrument drift and downhole elemental 
fractionation.  The titanite grains were analyzed in situ in ~40 micron thick sections.  
Both cores and rims of grains were analyzed in all samples and multiple points were 
obtained from many of the grains.  The ablation pits measured 30 μm in diameter and ~16 
μm deep.  Additional analyses were performed with a 20 μm pit size on the rims of many 
of the grains in three of the samples (H1, H3, and SCM-19).  Titanite grain sizes ranged 
from <100 μm to several mm.   
The zircon grains were separated from a crushed rock sample and were mounted 
on double-sided tape.  One 30 μm spot was analyzed per grain.  Ablating the unpolished 
grain surface perpendicular to growth zoning makes it possible to date even thin rims 
which would be inaccessible on polished grains.  Mike Prior prepped this sample and 
helped with the analyses.  Zircon and titanite data were reduced using the program Iolite 
on an IGOR Pro platform, and ages were calculated and plotted on Tera-Wasserberg 
diagrams. 
8.2 RESULTS 
U-Pb isotope data for individual spots from all samples are presented in Tables 
8.1-8.10.  Ages and other critical information for each sample are summarized in Tables 
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8.11 and 8.12, and Tera-Wasserburg diagrams are provided in Figures 8.2-8.5.  The ages 
yielded by zircon and titanite U-Pb dating are not concordant due to variable 
incorporation of common Pb, but the data for most of the samples do yield very linear 
trends with minimal spread on the Tera-Wasserburg plots.     
The ages used in this study are the lower intercept ages in the Tera-Wasserburg 
diagrams.  These diagrams graphically correct for the common lead contribution to the 
raw data.  The lower intercept ages, therefore, provide the radiogenic 206Pb/238U ages of 
the grains, rather than the ages resulting from the combined contributions of both 
radiogenic lead and differential amounts of common lead incorporated in the grains from 
a common lead reservoir.   These lower intercept ages are interpreted as the ages of 
crystallization or the ages of the systems’ closures to lead (see section 8.3.2).   
Importantly, the mean square of the weighted deviates (MSWD) values for the 
data are >1 for all samples (and in some cases, significantly >1), which indicates the data 
are over-dispersed.  Several possibilities may explain the scatter in the data.  The grains 
may not all be cogenetic.  The data may not represent a simple two component mixture of 
common and radiogenic lead, but may instead include a component of lead inheritance or 
loss.  Lastly, the data spread may be the result of analytical errors.  For example, analyses 
may have incorporated a small amount of material from other phases at depth.  
Regardless, the data in this study were treated very conservatively and were not filtered.   
8.2.1 Whole Sample Ages 
The analyses performed on titanite grains produced Late Cretaceous ages with 
dates that range from ~68-75 Ma.  Two of the country rock samples, HQ-D and SCM-6, 
provided similar ages of 71.0±2.1 Ma (n=20) and 72.0±1.7 Ma (n=12), respectively 
(Figure 8.2; Table 8.11).  The third country rock sample, SCM-48-2, provided an older 
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age than the other two samples at 75.6±4.0 Ma (n=6), although this age is within the error 
of the younger ages.  The older age and the larger error associated with this sample may 
be the result of the small number of grains analyzed within the sample (Table 8.11).   
The titanite analyses of the discrete shear zone mylonites also yielded Late 
Cretaceous ages (Figure 8.3; Table 8.11).  Three of the samples, H1, SCM-17, and SCM-
51, yielded similar ages of 69.1±2.5 Ma (n=28), 67.9±2.4 Ma (n=15), and 70.7±1.7 Ma 
(n=22), respectively.   The fourth sample, SCM-12, yielded an older age of 74.7±2.4 
(n=8).  The older age may be a result of larger error associated with the small number of 
grains analyzed.  Additionally the MSWD is very large for sample SCM-12 at 17.  The 
MSWD values calculated from the data for the other samples are <10.  The larger MSWD 
for sample SCM-12 indicates that the error is not well explained by analytical 
uncertainties, and therefore the error may in part be the result of the small number of 
analyzed grains.   
The mylonite sample from the Stone Corral ridge shear zone, H3, yielded an age 
of 69.4±2.2 Ma (n=27), which is very similar to the ages yielded by the discrete shear 
zone rocks (Figure 8.4; Table 8.11).  The protomylonite sample, SCM-19, collected from 
the boundary of the Stone Corral ridge shear zone yielded an age of 71.6±3.0 (n=15), 
which is very similar to the ages yielded by the country rock samples.  However, the 
Tera-Wasserburg diagram for this sample reveals a significant amount of spread in the 
data points, and the MSWD value for the sample is very high at 33.  In this sample, 60 
point analyses were conducted on 15 grains, so the high MSWD cannot be explained by 
too small of a dataset as it can be for sample SCM-12. 
The analyses performed on the zircon grains of the Brown’s Canyon granite 
sample AZSC-6, which was collected from the crest of Stone Corral ridge, provided a 
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lower intercept date of 75.5±1.3 Ma and an an upper intercept date of 1672±22 Ma 
(Figure 8.5).   
8.2.2 Rim vs. Core Ages 
The U-Pb titanite data points for all the samples were divided into groups based 
on whether they were obtained from inside the cores of the grains or on the rims of the 
grains (Tables 8.1-8.9; Figure 8.7F).  Only the data from one sample, SCM-19, yielded a 
significant difference in rim and core ages.  In this sample, the cores of the grains yielded 
an age of 75.3±2.4 Ma (n=15; MSWD=16) and the rims yielded an age of 53.9±3.7 Ma 
(n=10; MSWD=12; Figure 8.6; Table 8.11).  The MSWD values for the rim and core data 
are higher than the values for most of the other samples, but are significantly lower than 
the MSWD value of 33 for the combined rim and core data for this sample.   
The dates for the separated rim and core data within all the other samples are 
within error of each other.  No systematic difference between rim and core ages exists 
among the samples.  Some samples yielded slightly older core ages, whereas others 
yielded slightly older rim ages.   
8.2.3 Microstructural Controls on Grain Ages 
The data for each sample were also separated into groups on the basis of 
microstructural qualities exhibited by the analyzed grains (Tables 8.1-8.9).  The data for 
the country rock samples were divided into two groups with titanite grains located: 1) 
within and parallel to the country rock foliation (Figure 8.7A), or 2) within and parallel to 
the top-to-the-northeast shear bands that crosscut the country rock foliation (Figures 
3.2D, 8.7B).  The data for the protomylonite sample from the boundary of the Stone 
Corral ridge shear zone was similarly separated into two groups with titanite grains 
located: 1) within and parallel to the protomylonitic foliation, or 2) within and parallel to 
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the top-to-the-northeast shear bands that crosscut the protomylonitic foliation (Figures 
3.2C, 8.7C).   
The data for the mylonites were also divided into two groups with titanite grains: 
1) clearly deformed during mylonitization, or 2) with a more ambiguous relationship to 
the deformation.  None of the samples of mylonites are characterized by a foliation 
crosscut by through-going, top-to-the-northeast C’-type shear bands as in the country 
rocks and protomylonite.  Grains clearly deformed during mylonitization have a fish-like 
shape that provides a distinct top-to-the-southwest sense of shear and some display 
undulatory extinction and/or deformation twins (Figures 3.9; 8.7D-E).   
In all cases, the ages yielded by the grains in the different microstructural data 
categories within each sample are within error of each other.  No systematic age 
differences are apparent within the country rock and protomylonite samples regardless of 
the grains’ associations with the country rock foliation or with the crosscutting top-to-the-
northeast shear bands.  Similarly, no systematic age differences are apparent within the 
mylonite samples exhibiting differing degrees of grain deformation.   
8.3 DISCUSSION  
8.3.1 Titanite Closure Temperature and Reactivity 
The mineral titanite has been demonstrated to be a very effective U-Pb 
geochronometer for dating metamorphism, deformation, and fluid infiltration of rocks in 
a variety of settings because of its high closure temperature and its ease of reaction 
during metamorphism (Frost et al., 2000).  The closure temperature for titanite varies 
depending on the cooling rate of the rock and the grain sizes of the minerals, but a 
minimum closure temperature is estimated at ~650-700 °C (e.g., Scott and St-Onge, 
1995; Pidgeon et al., 1996; Frost et al., 2000).  Under certain conditions, titanite grains 
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may survive extremely high temperatures for extended periods of time without 
disturbance to the U-Pb system.  Titanite grains with Precambrian ages have been 
preserved during fluid- and deformation-absent Phanerozoic subduction to mantle depths 
at temperatures up to 750 °C and pressures of 1.5-2.0 GPa, despite not being stable at 
these conditions (Spencer et al., 2013).  The U-Pb system in titanite, therefore, is not 
easily reset by high temperature alone, and closure temperatures are in the range of upper 
amphibolite-facies to granulite-facies conditions.   
In the Stone Corral study area in the Harquahala Mountains, the rocks have 
clearly undergone fluid-assisted metamorphism and deformation at temperatures that are 
lower than the closure temperature of titanite.  Therefore, U-Pb dating of titanite is an 
ideal technique for determining the timing of these events in this area.  Additionally, 
because titanite may grow in a variety of temperature and pressure conditions that are 
typical of greenschist and amphibolite facies metamorphism (Frost et al., 2000), the 
amphibolite-facies conditions that prevailed during deformation of the country rocks and 
shear zones in the study area would have been conducive to titanite growth. 
8.3.2 Titanite U-Pb Dating of Metamorphism and Deformation 
Despite the resistance of the U-Pb system in titanite to being reset solely by 
thermally activated volume diffusion at high temperature, titanite is an extremely reactive 
mineral during metamorphism and is therefore ideal for dating post-crystallization events, 
such as deformation and fluid infiltration (Frost et al., 2000).  Because of this reactivity, 
U-Pb dating of titanite has been used extensively to determine the timing of such 
processes as hydrothermal activity (Corfu and Muir, 1989), contact metamorphism (Verts 
et al., 1996), shear zone deformation (Resor et al., 1996), and regional metamorphism 
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associated with large scale tectonic events, such as arc-continent collision (Scott and St-
Onge, 1995) and the exhumation of UHP terranes (Gao et al., 2012; Spencer et al., 2013).   
To use the U-Pb system in titanite as a means of dating deformation and 
metamorphism, the mineral must have either grown or reacted during the particular event 
(Frost et al., 2000).  Several ways of demonstrating growth during deformation include 
titanite grains: 1) oriented parallel to foliations or lineations that have not been 
mechanically rotated into parallelism with the fabric during deformation, 2) associated 
with mineral reactions that occurred during metamorphism or deformation, and 3) in 
deformed or metamorphosed rock with a protolith that does not include titanite as one of 
its phases (Frost et al., 2000).   
Microstructural evidence suggests that the titanite in the Stone Corral study area 
shear zones, which is oriented parallel to the mylonitic fabric, may have grown during 
mylonitization, but this evidence is not conclusive (section 8.3.2.1).  However, the 
mylonitic titanite is clearly associated with metamorphic mineral reactions that occurred 
during fluid infiltration, and this metamorphism and fluid infiltration can be demonstrated 
to have occurred during mylonitic deformation (section 8.3.2.2).  Thus, a compelling case 
is made for the syn-mylonitic growth of titanite in the shear zones. 
The titanite in the country rock is plentiful in the very deformed country rock in 
the northern part of the study area that is dated in this study, and is rare in the 
undeformed and little deformed country rock in the southern part of the study area.  The 
degree of metamorphism and the amount of titanite in the country rock samples are 
positively correlated to the degree of deformation experienced by each sample.  This 
association implies the metamorphism (and thus the titanite growth) occurred 
synchronously with the deformation (section 8.3.2.3).  Therefore, the dating of the titanite 
grains in the country rock samples provides a date for the country rock deformation 
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8.3.2.1 Relationship of titanite to the mylonitic fabric 
The titanite in the Stone Corral mylonites are elongate parallel to the foliation, but 
direct evidence indicating whether the titanite grew during the development of the 
foliation or grew earlier and then rotated into parallelism with the foliation is lacking.  
The titanite in the mylonites exhibit very different habits than the titanite in the country 
rocks, but some of these differences may be attributed to the effects of mylonitization on 
the grains, which are evident in the fish-like and sigmoidal shapes of many grains, and 
the presence of twinning, undulose extinction, and, more rarely, gentle bending of grains 
(Figure 8.7C).  Additionally, some of the titanite have an extremely long aspect ratio of 
up to ~7:1, which may indicate growth during shear zone deformation, or may indicate 
extreme stretching of pre-existing grains during deformation.  However, because of the 
high reactivity of titanite, in conjunction with the high amount of strain experienced by 
the rocks and the presence of fluids during mylonitization, these grains would likely 
provide the age of mylonitization (at least on their rims, if not pervasively) regardless of 
whether they formed during the deformation or existed prior to it (Frost et al., 2000).   
8.3.2.2 Growth of metamorphic titanite during fluid infiltration and mylonitization 
Importantly, indirect evidence does imply that the titanite grew during 
mylonitization rather than prior to it, because most, if not all, of the titanite is 
metamorphic, and metamorphism, fluid infiltration, and mylonitization can be 
demonstrated to have occurred synchronously.  Ample petrographic evidence shows that 
titanite in both the country rocks and the mylonites clearly formed as a reaction product 
of the fluid-assisted metamorphism.  The titanite is closely associated with other 
metamorphic minerals in the rocks, including epidote, biotite, quartz, garnet, apatite, and 
opaque minerals (see Chapter 3; Figure 3.4).  Titanite is commonly found clumped or 
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intertwined with these other minerals, with faces adjacent to metamorphic epidote, or 
forming trains of small grains near trains of epidote grains (Figure 3.9A).   
In sample SCM-51 (dated in this study), which was collected from a discrete 
shear zone with central epidote veins, a bleached halo, and flanking paired ultramylonite 
zones, titanite is pervasive within the highly altered portion of the bleached halo near the 
central vein, and is associated with abundant epidote grains (Figure 3.12).  These two 
minerals decrease in abundance dramatically from the vein outwards toward the flanking 
paired shear zones, which indicates they formed during metamorphism related to the 
infiltration of the fluids that caused the bleaching and the precipitation of the central 
epidote vein.  Additionally, in many of the other discrete shear zones with the central 
epidote vein, bleached halo, and flanking paired shear zones morphology, some titanite 
appears to be a reaction product associated with the replacement of feldspar by oligoclase 
during the bleaching process (see Section 3.3.2).  
Significant evidence exists that indicates that the fluid-assisted metamorphism 
responsible for the bleaching in the shear zones (including the titanite-rich alteration 
zones) occurred at the same time as the shear zone deformation, and this evidence is 
summarized in detail in section 9.1.2.  The evidence includes the significantly higher 
water content of intragranular quartz in the shear zones than in the country rocks (see also 
Chapter 6), the formation of synkinematic myrmekite (which is seen in thin section by 
the presence of myrmekitic lobes and vermicules deflected in the direction of shear, and 
also by the dependence of the size of the lobes and vermicules on the degree of strain; 
Figure 3.19), and the presence of optically continuous fibers that connect pulled apart 
epidote grains in the central veins of the shear zones with the central vein, bleached halo, 
and flanking paired shear zones morphology (Figure 3.11B).  Therefore, the titanite in the 
shear zones (particularly in those associated with the bleached halo metamorphism), may 
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clearly be used to date not only the fluid-assisted metamorphism, but also the 
deformation of the shear zones. 
8.3.2.3 Growth of metamorphic titanite during country rock deformation 
Just as the titanite in the shear zones can be used to date bleaching and 
mylonitization, the titanite in the country rocks that host the shear zones can be used to 
date the gneissic country rock deformation, because metamorphism of these rocks (and 
thus titanite growth) can also be demonstrated to have occurred during this deformation.  
The non-deformed and faintly foliated country rocks in the southern part of the study area 
may provide examples of the protolithic rock of the more intensely deformed country 
rocks in the northern part of the study area that were dated in this study.  Although 
titanite is not entirely absent in these undeformed or little deformed rocks, it is very rare.  
Three samples were collected from these rocks for thin section observations (see section 
3.2.2), and titanite is notably absent from the two least deformed of these samples (B-4 
and B-7).  The third sample (B-28) was slightly more deformed, and contained rare small 
titanite grains that were neither plentiful enough nor large enough to date in situ in thick 
sections.  Other metamorphic minerals in these samples, such as epidote, follow a similar 
trend in which fewer grains and smaller grain sizes correlate to lesser degrees of 
deformation.  In the northern country rock samples that are more intensely deformed and 
were dated in this study, the titanite grains are both large in size and abundant.  These 
observations suggest that the titanite grains are associated with the deformation and likely 
grew synchronously.  Additionally, if any pre-existing igneous titanite was present, the 
fluid-rich conditions that prevailed during metamorphism and deformation would have 
aided in the resetting of the U-Pb titanite system, especially on the rims. 
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In conclusion, the petrographic evidence indicates that titanite likely grew during 
one protracted fluid-assisted metamorphic event that was synchronous with the country 
rock and shear zone deformations.  These two different styles of deformation were 
closely spaced in time.   
8.3.3 Testing for Different Generations of Titanite Growth 
Many studies have indicated that the cores of titanite grains may preserve relict 
igneous or metamorphic material that retains U-Pb crystallization ages, whereas the rims 
contain material that has either been isotopically reset during metamorphism and 
deformation or that has developed by new growth during these events, and therefore 
provide younger U-Pb ages that date those events (e.g., Verts et al, 1996; Corfu and 
Stone, 1998; Gao et al., 2013; Spencer et al., 2013).  However, the data collected on the 
cores and rims of the titanite grains (including in the “heads” and “tails” of the titanite 
fish) in the Stone Corral study area samples yielded similar ages, which implies that the 
grains within each sample experienced only one stage of growth during Late Cretaceous 
metamorphism and deformation, with only one exception, sample SCM-19 (Table 8.11).  
Similarly, the more deformed grains and the less deformed grains in the samples also all 
yielded similar ages, which also suggests that the nucleation and growth of all the titanite 
grains occurred during the same event within each individual sample, or that the U-Pb 
isotopic system was completely reset in the grains during the same event.   
The one exception to a single stage of titanite growth in the samples is the 
protomylonite sample SCM-19, in which the core ages of the grains are significantly 
older than the rim ages (~75 Ma and ~54 Ma, respectively; Figure 8.6).  The data in this 
sample may be reflecting a more complex geologic history than the other samples, but in 
the Tera-Wasserburg diagram of the combined data, the data points that diverge from the 
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isochron are much larger than the others, indicating more error is associated with them 
(Figure 8.4).  The more precise data points, which form the majority of the data, conform 
well to the isochron, which may mean the age of 71.6±3.0 that’s provided by the 
combined data is a reliable age.  This age is the same as the ages provided by the country 
rock samples, and is within error of the ages provided by the mylonite samples (Table 
8.11). 
The two slightly older ages of ~74.5-75.5 Ma yielded by the country rock sample 
SCM-48-2 and the discrete shear zone sample SCM-12 are less reliable than the other 
ages because only a small number of grains were analyzed (Table 8.11).  These older 
ages, therefore, may not be meaningful.  With the exception of sample SCM-12, the 
titanite ages of the mylonites are slightly younger (~68-70.5 Ma) than the ages of the 
country rock (~71-72 Ma; Table 8.11), which is consistent with mylonitization occurring 
soon after country rock deformation.  However, the ages of the country rock and mylonite 
samples are within error of each other, and so the U-Pb data taken independently cannot 
absolutely demonstrate that the mylonites are younger.  Regardless, the data indicate that 
these mylonitic shear zones did not form during Miocene core complex development. 
8.3.4 Crystallization Age of the Brown’s Canyon granite 
The lower intercept date of ~75.5 Ma yielded by the zircons from the undeformed 
Brown’s Canyon granite is interpreted as the crystallization age of the pluton.  The upper 
intercept date of ~1670 Ma is likely an older inherited age from the Proterozoic rocks that 
were melted to form the Brown’s Canyon pluton.  Previous U-Pb zircon age dates from 
the Brown’s Canyon granite body provided a U-Pb zircon age of 77 ± 7 Ma (Isachsen et 
al., 1999), and therefore the date yielded by sample AZSC-6 in this study is within error 
of the previously determined age.   The date of the Brown’s Canyon granite is significant 
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in that it gives an age of crystallization for the protoliths of at least some of the mylonites.  
Although both the deformed country rocks and the mylonites in the northern part of the 
study area are likely part of the Stone Corral granite, genetically related to the Brown’s 
Canyon granite, the possibility remains that some or all of these rocks may be 
Precambrian granite that was intruded by the Brown’s Canyon and Stone Corral plutons 
(Richard, 1988; Richard et al., 1990).  Regardless, the zircon crystallization age of the 
Brown’s Canyon granite is only slightly older than the titanite ages for the metamorphism 
and deformation of the rocks in the northern part of the study area, which indicates the 










Figure 8.1: Areal photograph of the Stone Corral study area with locations of samples 













Figure 8.3: Tera-Wasserburg diagrams for titanite analyses in the discrete shear zone 















Figure 8.4: Tera-Wasserburg diagrams for titanite analyses in the Stone Corral ridge 

















Figure 8.6: Tera-Wasserburg diagrams for titanite analyses on the rims of grains and 
within the cores of grains in sample SCM-19.   
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Figure 8.7: (caption continued on next page). Photomicrographs of different types of 
titanite grains that were used for dating of samples. Yellow circles indicate 
individual titanite grains.  Red circles indicate clusters of titanite grains. Red 
arrows point to titanite fish. The small circles are laser ablation pits formed 
during U-Pb dating. Northeast is to the top right. A) Titanite grain parallel to 
the country rock foliation; sample SCM-6; B) Titanite grains at the bottom 
of a C’-type shear band. The train of grains are within the shear band and 















Figure 8.7: (continued from previous page). C) Deformed titanite grains gently wrapped 
into a C’-type shear band. Note the presence of undulatory extinction and 
twins; sample SCM-19; D) Titanite fish in a discrete shear zone mylonite; 
sample H1; E) Titanite fish visible in reflected light; sample H3; F) 
Deformed titanite grain in reflected light. The laser ablation pit in the nose 
of the grain is classified as a “rim” point, whereas the pit in the center of the 























Table 8.1: U-Pb titanite data from the country rock sample HQ-D.  The table also 
includes the locations of analyzed points (i.e., core or rim of grain) and 





Table 8.2: U-Pb titanite data from the country rock sample SCM-6.  The table also 
includes the locations of analyzed points (i.e., core or rim of grain) and 






Table 8.3: U-Pb titanite data from the country rock sample SCM-48-2.  The table also 






Table 8.4: U-Pb titanite data from the discrete shear zone sample H1.  The table also 
includes the locations of analyzed points (i.e., core or rim of grain) and 
denotes which grains have been deformed into fish that indicate a top-to-the-
SW sense of shear.  
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Table 8.5: U-Pb titanite data from the discrete shear zone sample SCM-17.  The table 
also includes the locations of analyzed points (i.e., core or rim of grain) and 
denotes which grains have been deformed into fish that indicate a top-to-the-






Table 8.6: U-Pb titanite data from the discrete shear zone sample SCM-12.  The table 
also includes the locations of analyzed points (i.e., core or rim of grain) and 
denotes which grains have been deformed into fish that indicate a top-to-the-






Table 8.7: U-Pb titanite data from the discrete shear zone sample SCM-51.  The table 
also includes the locations of analyzed points (i.e., core or rim of grain). The 
data was obtained from the highly metamorphosed bleached halo portion of 





Table 8.8: U-Pb titanite data from the Stone Corral ridge shear zone sample H3.  The 
table also includes the locations of analyzed points (i.e., core or rim of 
grain) and denotes which grains have been deformed into fish that indicate a 
top-to-the-southwest sense of shear.    
 221 
 
Table 8.9: U-Pb titanite data from the Stone Corral ridge shear zone sample SCM-19.  
The table also includes the locations of analyzed points (i.e., core or rim of 
grain) and denotes which grains were located within shear bands that 









Table 8.11: Summary of titanite data for all samples.  For each sample, the age of the 
entire sample, the age of the rims of the grains, and the age of the cores of 
the grains are provided.  For the country rock and protomylonite samples, 
the ages of the grains within crosscutting shear bands and the ages of the 
remaining grains that lay parallel to the foliation are provided.  For the 
mylonitic samples, the ages of highly deformed fish-shaped grains that 
indicate a top-to-the-southwest sense of shear and the ages of the remaining 
grains that are less deformed are provided.  The MSWD, number of grains 





Lower Intercept Age (Ma) 75.7 ± 1.8 
Upper Intercept Age (Ma) 1672 ± 22 
MSWD 8.8 
No. of grains analyzed 24 
No. of points analyzed 24 























Chapter 9:  Synthesis 
The many methods used to study the rocks of the Stone Corral study area in the 
Harquahala Mountains served to answer two important questions related to the origins of 
the area’s shear zones: 1) What are the physiochemical processes responsible for the 
localization of shear into the discrete zones in the northern part of the study area?, and 2) 
Did the shear zones form during Miocene metamorphic core complex (MCC) 
deformation or during an earlier event?  A synthesis of all the data is presented in this 
chapter, and the two major questions of this study are addressed in detail. 
9.1 THE STRUCTURAL AND CHEMICAL PROCESSES RESPONSIBLE FOR STRAIN 
LOCALIZATION 
9.1.1 Antecedent Fractures: A Macroscopic Control on the Development of the 
Discrete Shear Zones 
Field and petrographic work provide ample evidence for the localization of shear 
strain along fractures.  The discrete shear zones all share similar orientations, and some of 
them contain deformed quartz and/or epidote veins that must have precipitated in 
fractures before undergoing deformation.  The shear zones have very sharp boundaries 
and are very narrow (most with ≤5 cm widths), consistent with their localization on 
fractures (Figures 1.4, 1.5).  Several shear zones, when traced laterally along strike, die 
out into fractures that extend much further along strike until exposure is lost (Figure 2.4).  
A few shear zones were identified that are defined by about a millimeter of shear along 
fracture walls, which provides strong evidence for at least some shearing along fractured 
surfaces, and may represent how shearing appeared in its initial stages. One of the large 
shear zones in the field area appears to bifurcate into several different zones along its 
length, resembling a fracture splay (Figure 1.5F).   
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Fourier Transform Infrared (FTIR) spectroscopy analyses of intragranular quartz 
reveal that the quartz in the discrete shear zone mylonites contains higher water contents 
than the quartz in the country rocks, the Stone Corral ridge shear zone mylonites, and the 
isolated mylonites in the southern part of the study area (see Chapter 6).  This result 
indicates that more water was present during mylonitization of the discrete zones and is 
consistent with the shear zones having formed on fractures as the fractures would have 
acted as conduits for the fluid.   
The localization of shear strain into discrete zones along brittle precursors, such 
as fractures or the boundaries of veins or dikes, has been documented in a wide range of 
settings and conditions, ranging from greenschist to eclogite facies (Segall and Simpson, 
1986; Christiansen and Pollard, 1997; Tourigny and Tremblay, 1997; Mancktelow and 
Pennacchioni, 2005; Pennacchioni and Mancktelow, 2007; Goncalves et al., 2012).  The 
reactivation of fractures as discrete shear zones may, in fact, be a common process during 
the cooling of granitic intrusions (Pennacchioni, 2005).  The fieldwork, petrography, 
FTIR spectroscopy, and U-Pb titanite geochronolgy data collected from the Stone Corral 
study area indicate that the discrete shear zones of the Harquahala Mountains provide 
another example of shear strain localization along antecedent fractures during plutonic 
cooling.  
9.1.2 Formation of the Shear Zones with the Central Veins, Bleached Haloes, and 
Flanking Paired Shear Zones Morphology 
The central vein in the shear zones with bleached haloes and flanking paired shear 
zones indicates that these discrete zones also must have formed on precursor fractures.  
However, the bleached haloes and flanking paired shear zones require that different 
degrees of strain softening occurred from the vein outward.  Flanking paired shear zones 
in Alpine discrete shear zones with this same morphology described by Mancktelow and 
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Pennacchioni (2005) are interpreted to form from a rheological difference between the 
bleached haloes and the adjacent rock.  In this case, the veins and bleaching occurred 
first, creating a rheologically strong bleached halo, and then shear zones initiated on the 
edges of the bleached halo.  Conversely, the flanking paired shear zones in this study 
appear to have formed during fluid infiltration and metamorphism rather than afterwards.  
The evidence for fluid infiltration and metamorphism synchronous with deformation is 
provided in the following section, followed by an explanation for how the shear zones 
developed this unique morphology during the fluid-rich metamorphism. 
9.1.2.1 Fluid infiltration and metamorphism synchronous with deformation 
The FTIR spectroscopy analyses of intragranular quartz from the discrete shear 
zones with the central epidote vein, bleached halo, and flanking paired shear zones 
morphology indicate that higher water contents are present in these shear zones than in 
the discrete shear zones without this morphology, as well as country rock, Stone Corral 
ridge shear zone mylonites, and the isolated mylonites in the southern part of the study 
area.  This result suggests that more water was present in these zones during deformation, 
which likely contributed to the development of the unique morphology (see Section 
6.3.2).  Although the epidote veins must have precipitated from a fluid before they could 
be deformed, the presence of optically continuous fibers that connect separate parts of the 
vein grains implies that the veins were still growing as they were being pulled apart, and 
that fluid infiltration and vein deformation were therefore synchronous (Figure 3.11B).  
The dramatic increase in the amount of opaque minerals, epidote, and locally titanite and 
garnet in the bleached haloes near the epidote veins provides evidence that these minerals 
are metamorphic and formed during fluid infiltration (Figure 3.12).  The higher 
abundance of biotite and garnet in the more sheared portions of the rocks than in the 
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country rocks also suggests a metamorphic origin for these minerals that is related to the 
development of the shear zones. 
One of the main causes of the bleached appearance of the haloes is the extensive 
replacement of feldspar by oligoclase, both in a symplectic form (i.e., myrmekite) and a 
non-symplectic form.  In the incipient shear zone sample, HQ-C, several examples of 
deflected myrmekite are preserved, in which comma shaped myrmekitic lobes are 
deflected in the same sense of shear as the C’-type shear bands that crosscut and reorient 
the country rock foliation (Figure 3.19). This microstructure is indicative of myrmekite 
growth (and therefore of fluid filtration and metamorphism) during deformation 
(Simpson, 1985; Simpson and Wintsch, 1989).   
The extensive presence of myrmekite in the bleached haloes and flanking paired 
shear zones is also evidence for fluid infiltration during deformation.  Myrmekite that 
forms before the onset of deformation does not tend to be preserved during deformation 
because the plagioclase lobes and the delicate quartz vermicular intergrowths 
recrystallize so readily (Vernon, 1991).  In the discrete shear zones with this unique 
morphology, however, small myrmekitic intergrowths are preserved in porphyroclasts 
within the highly strained flanking paired shear zones.  The size of the myrmekite lobes 
and the quartz vermicules within the lobes decreases from the bleached halo outwards 
into the paired shear zones, and therefore appears to be dependent on the degree of strain 
experienced by the grains, providing further evidence for its synkinematic origin. The 
myrmekite and non-symplectic oligoclase have also undergone extensive dynamic 
recrystallization, the degree of which also increases with increasing strain away from the 
vein, which further demonstrates that the replacement reactions must have been 
synchronous with mylonitization (Tsurumi et al., 2003).   
 229 
Another important feature of the shear zones is that the transition from the 
bleached haloes to the flanking paired shear zones is typically gradual and irregular.  
Although this transition can appear sharp in some of the discrete zones, particularly when 
viewed in the field (Figure 1.5C, D), the boundary more commonly is gradational, which 
is best visible in cross-sectional views in hand samples (Figure 2.14) and thin sections 
(Figure 3.14). The shear zones, on the other hand, are planar and not affected by the 
irregular nature of the bleached halo margins (Figure 2.14B).  In the majority of the shear 
zones, the rock becomes progressively less bleached from the vein outward as a result of 
progressively more biotite and finer grain sizes. The same myrmekite and non-symplectic 
oligoclase replacement textures that are largely responsible for the bleached appearance 
of the haloes are still widespread in the more highly sheared areas.  The difference in 
color between the bleached rock and the sheared rock, therefore, seems not to be a 
function of the amount of replacement of the feldspars by oligoclase and myrmekite, but 
rather is a function of the biotite content and the overall grain size. 
Fluid infiltration must have continued through the waning stages of deformation 
in some of the shear zones.  Numerous samples contain thick layers of quartz in the 
bleached haloes and the flanking paired shear zones that have undergone only a small 
amount of deformation.  In the shear zones, the feldspar grains surrounding these quartz 
layers are often highly recrystallized and are deformed into σ-type mantled 
porphyroclasts.  The quartz, however, shows only undulose extinction and minor high 
temperature grain boundary migration (GBM) recrystallization on its grain boundaries.  
This difference suggests that these quartz layers were veins that were precipitated late 
during the deformation after the bulk of the shearing had ceased.  Additionally, a few of 
the epidote veins in the bleached haloes crosscut the foliation and are undeformed or little 
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deformed (Figure 3.10), which suggests they precipitated near the end of deformation or 
after the cessation of deformation in the bleached haloes.     
The field and microstructural evidence indicate that fluid flow must have been a 
continuous process.  Fluids infiltrated fractures in the granite, precipitated veins, and 
altered the surrounding rock replacing existing feldspar with oligoclase and myrmekite, 
and forming new metamorphic minerals. Fluids continued infiltrating during deformation 
of the veins, bleached haloes, and flanking paired shear zones, and then precipitated more 
veins after the majority of the deformation had ceased. 
9.1.2.2 Reactivation of parallel fractures 
If the flanking paired shear zones did not localize on rheological boundaries 
between a rigid bleached zone and country rock, then a different physical or chemical 
process must have controlled their location near the edges of the bleached haloes.  As 
previously stated, the main differences between the bleached haloes and the paired shear 
zones are the greater amount of biotite and the smaller sizes of the grains in the shear 
zones.  Importantly, the paired shear zone rocks also have more biotite than the country 
rocks (Tables 3.1, 3.2), which indicates that some of the biotite in the shear zones must 
have nucleated or grown during metamorphism rather than simply having formed from 
the recrystallization of pre-existing grains. 
The replacement of potassium feldspar grains by myrmekite and non-symplectic 
oligoclase would have resulted in the release of potassium from the feldspar grains (see 
section 5.3.4).  Some of this potassium was utilized in the crystallization of biotite grains 
within the non-symplectic oligoclase replacement patches (Figure 3.15A-C), but many of 
the replaced feldspar grains are not associated with any biotite, and the bleached halo 
does not contain any other potassium-bearing minerals.  This lack of potassium-bearing 
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minerals in the bleached halo suggests that much of the potassium that was released 
during the replacement reactions must have been released into solution and diffused or 
migrated away from the bleached haloes.  Once the fluid became sufficiently saturated 
with potassium and other ions, a potassium-rich phase, such as biotite, would have 
formed.  Although the biotite-rich shear zones may reflect a diffusion front which 
resulted in growth of a weaker phase, the planar nature of the shear zones adjacent to 
irregular, gradational bleached zones (Figure 2.14) suggest that the flanking paired shear 
zones formed along parallel antecedent fractures in the same way as the other discrete 
shear zones (i.e., those not associated with veins and bleaching).  These fractures would 
have had greater porosity than the fractures filled with rheologically strong epidote veins, 
and therefore would have allowed for continued substantial fluid migration. Thus 
although the presence of biotite, resulting from reactions within the bleached haloes, 
allowed more intense shearing, the presence of adjacent fractures was needed for the 
discrete shear zones to form. 
Several field observations support this hypothesis.  The discrete shear zones 
(including those not associated with veins and bleaching) are nearly all found in multiple 
closely spaced sets, typically of three or more shear zones per set.  Some of the shear 
zones within a set are roughly equally spaced, whereas others are not.  Similarly, some of 
the bleached haloes around central epidote veins are symmetric (Figure 1.5C, D) and 
others are not (Figures 1.5H, 2.10C). For example, the shear zone pictured in Figure 1.5H 
is characterized by a central epidote vein with an extremely asymmetric bleached halo.  
The halo is considerably better developed above the epidote vein than below it.  The 
shear zone that flanks the halo above the vein has reoriented the country rock foliation 
into parallelism.  Conversely, no well-developed shear zone is present below the epidote 
vein, and the country rock foliation can be followed upwards into the weakly bleached 
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halo until it is crosscut by the epidote vein.  The more weakly bleached halo below the 
vein and the absence of a flanking shear zone could be attributed to the distribution of the 
antecedent fractures.  In this case, only two initial closely spaced fractures may have been 
present, the fracture in which the vein precipitated and the fracture that was reactivated 
by the shear zone above the vein.  The halo above the epidote vein may be better 
developed because the two closely spaced fractures would have allowed for more fluid-
rock interaction to occur between them than outside of them.  
The fractures that were occupied by the rheologically strong epidote veins were 
less capable of accommodating the same amount of deformation as the fractures without 
epidote veins.  This difference is best seen by thin section observations of sample HAR-
16.  The central vein in this sample is composed mainly of epidote in some parts and 
mainly of quartz in other parts (Figure 2.14C).  In the thin section of the epidote-rich part 
of the vein, the epidote grains display brittle deformation as some grains are fractured and 
pulled apart (Figure 3.13A, B).  The small amount of vein quartz in this part of the vein is 
present in pods that are surrounded by epidote vein grains (Figure 3.13A, B).  The quartz 
is very coarse-grained and only minimally deformed.  The feldspars in the surrounding 
bleached halo have undergone different degrees of dynamic recrystallization, but are not 
sheared (Figure 3.15A, C).  Conversely, in the thin section of the quartz-rich part of the 
vein, which was cut from the same hand sample (Figure 2.14C), both the vein and the 
surrounding rock are much more deformed (Figures 3.11C, 3.13C, D).  The quartz grains 
are smaller, are very elongate, and are oblique to mica seams that define a foliation, 
which results in an S-C fabric (Figure 3.13C).  Some of the epidote grains form fish that 
indicate a top-to-the-southwest sense of shear, and the feldspar porphryoclasts in the 
surrounding bleached halo are much more deformed.  Some of the mantled 
porphyroclasts form minor σ-type shapes that also indicate a top-to-the-southwest sense 
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of shear.  These microstructures provide good evidence that the fracture could not 
accommodate shearing where it was occupied by an epidote-rich vein, and the 
surrounding bleached halo was protected from more extensive deformation.   
A small number of the flanking paired shear zones also appear bleached (e.g., 
Figure 2.14A).  These zones likely began as fractures that were infiltrated by fluid that 
caused bleaching, but because no epidote veins were precipitated to strengthen the 
bleached rock, these zones were able to accommodate deformation and underwent similar 
magnitudes of shearing as the biotite-rich flanking shear zones.  The higher modal 
percentage of quartz in these shear zones may mean a quartz vein precipitated in the 
fracture that was not preserved after ultramylonitization.  The presence of pronounced 
bleaching in some flanking shear zones indicates that the bleached rock was not 
rheologically stronger.  Therefore the reactivation of adjacent fractures as discrete shear 
zones provides a more viable explanation for shear zone formation than does the 
activation of a boundary between relatively rheologically strong and rheologically weak 
rocks. 
9.1.3 Strain Softening Mechanisms: Microscopic Controls on the Development of the 
Discrete Shear Zones 
In a seminal paper, White et al. (1980) summarized a number of strain softening 
processes that may operate in ductile shear zones.  Many of these processes appear to 
have been active during the deformation of the discrete shear zones in the Stone Corral 
study area, specifically the processes of chemical softening (in this case, hydrolytic 
weakening), reaction softening, geometric softening (i.e., grain rotation and lattice 
reorientation for easy slip), continual recrystallization, and pore fluid effects.  The 
importance of fluid infiltration during the deformation and the metamorphism of the 
shear zones cannot be overstated as it was likely responsible for both the instigation and 
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the maintenance of the strain softening mechanisms.  The strain softening mechanisms 
operated in both the discrete shear zones that were not affected by bleaching and veins 
and in the paired shear zones that flank the edges of the bleached haloes.  The flanking 
paired shear zones seem to have been affected by the processes to a greater degree, likely 
because more fluid was available during deformation. 
The infiltration of fluid during deformation would have instigated a number of 
strain softening effects.  The introduction of water into the quartz crystal lattice would 
have resulted in chemical softening through hydrolytic weakening.  The weakening of 
quartz would also have aided geometric softening by facilitating lattice reorientation and 
the development of a strong crystallographic preferred orientation (CPO).  The fluids 
would have activated reaction softening by catalyzing metamorphic reactions that 
produce hydrous phases, particularly biotite which is rheologically weak, and would also 
allow for the formation of myrmekite and non-symplectic oligoclase.  Because 
myrmekite recrystallizes readily (and the non-symplectic oligoclase also appears to 
recrystallize readily), the feldspar would have underwent continual recrystallization.  
Pore fluid effects would have played a major role in the initiation of the shear zones.  The 
porosity provided by the antecedent fractures was a prerequisite for significant fluid 
infiltration. The production of metamorphic myrmekite and oligoclase would have 
resulted in volume decreases that may have created transient pore space that would 
provide more permeability for fluid flow and the transfer of ions in solution (Simpson 
and Wintsch, 1989; Wintsch and Yi., 2002; Menegon et al., 2006).  
Ample evidence for these strain softening processes is apparent in the data 
collected during this study.  The FTIR spectroscopy results show greater intragranular 
water contents in quartz of the discrete shear zones than the country rocks, suggesting 
hydrolytic weakening played an important role during deformation (Tables 6.1-6.3).  
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Strong quartz CPOs are evident in thin section and in the electron backscatter diffraction 
(EBSD) results (Figures 3.17A, 4.3), which indicate lattice reorientation did occur, and 
the biotite content in the discrete shear zones is systematically higher than in the country 
rock samples (Tables 3.1, 3.2).   
Experimental work indicates that when a weak phase, such as biotite, becomes 
through-going in a deforming rock, the result will be the localization of strain along the 
weak layers (Holyoke and Tullis, 2006a, 2006b).  Because the deformation of the Stone 
Corral rocks occurred at amphibolite-facies conditions, the alignment and connection of 
the biotite grains in the samples was likely caused by crystallization or recrystallization 
of the grains with their (001) planes subparallel to the foliation, rather than by mechanical 
rotation of the grains (Simpson, 1985).  The resulting interconnected strands and through-
going bands of biotite with (001) planes aligned would likely enable biotite grains to 
deform by dislocation creep (Wintsch and Yi, 2002).  These grains would deform more 
readily than the other phases in the rock and would therefore concentrate shear.  The 
easier deformation of biotite may result in the widespread creation of microextensional 
sites along the shear bands which would provide pore space for more fluid to infiltrate 
(Wintsch and Yi, 2002). Additionally, bonding between biotite (001) faces and 
neighboring grains is weak compared to other grain boundaries, and fluid is expected to 
move across the bands more freely (Vernon et al., 1983). The higher degree of bulging 
(BLG) recrystallization or neocrystallization of feldspar adjacent to biotite bands in many 
of the discrete shear zone samples may be evidence of increased fluid flow along the 
bands (Figure 3.18) 
Continued fluid infiltration along biotite shear bands would promote additional 
myrmekite and oligoclase replacement of the adjacent feldspar, which would result in a 
volume decrease, allowing for further fluid infiltration and replacement (Simpson and 
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Wintsch, 1989; Wintsch and Yi., 2002; Menegon et al., 2006).  These replacement 
reactions would also result in the further release of potassium that could be used for 
further biotite nucleation or growth.  Quartz undergoing dislocation creep would also 
likely incorporate more fluid into its structure resulting in more hydrolytic weakening and 
further concentrating shear.  The increased shear along the weaker layers may also result 
in increased recrystallization of myrmekite and oligoclase replacement textures, which 
would result in significant grain size reduction of the feldspars and would provide new 
strain-free grains that could further accommodate deformation (White et al., 1980).  The 
cyclic nature of these processes is clear, and similar feedback loops have been proposed 
in myrmekite-rich mylonites in other settings (Tsurumi et al, 2003; Menegon et al. 2006).   
The lack of extensive biotite in a minority of the paired shear zone samples 
indicates that other processes besides biotite alignment and interconnectedness were more 
significant for initiating and maintaining shear in these samples (Figure 2.14A).  These 
samples tend to have more quartz than the other samples.  The quartz is extensively 
recrystallized and displays a very strong CPO.  In these areas, quartz and recrystallized 
myrmekite and oligoclase were likely the weakest layers that were most responsible for 
concentrating shear.   
The incipient shear zone sample, HQ-C, provides a unique opportunity to 
examine the initial stages of strain softening in the shear zones with the central vein, 
bleached halo, and flanking paired shear zones morphology where fluid flow was more 
pronounced than in the shear zones without this morphology.  In this sample, the flanking 
paired shear zones are not mylonitized but are instead characterized by biotite-rich C’-
type shear bands that crosscut and reorient the country rock foliation (Figure 3.18).  C’-
type shear bands are generally understood to form during the late stages of mylonitization 
after a strong foliation has been developed, possibly because a second suite of folia is 
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needed to enable further strain accommodation (see Vernon, 2004 and Passchier and 
Trouw, 2005 for reviews).  C’-type shear bands may also form as a means of abolishing 
an older fabric to manufacture a newer, softer fabric in a rock (White et al., 1980; Gapais 
and White, 1982).  
In the incipient shear zone sample, HQ-C, the C’-type shear bands progressively 
increase in abundance from the vein outwards and the spacing between the bands 
becomes progressively smaller.  Near the central vein where the bands are fewer in 
number and farther apart, the bands crosscut the country rock foliation (Figure 3.18A).  
Farther away from the vein where the bands are abundant and close together, the bands 
reorient the country rock foliation into parallelism (Figures 3.17C, 3.18B).  The degree of 
recrystallization of the quartz and feldspar grains between the bands is greater where the 
bands are closer together (Figure 3.18B). In the most strained part of this sample, the 
biotite-rich C’-type shear bands are abundant and the intermediary quartz and feldspar 
grains have undergone near complete recrystallization (Figure 3.18C, D).  The result is a 
new fabric in which the foliation is parallel to the biotite bands.  This fabric is nearly 
indistinguishable from the ultramylonitic fabric that is present in many of the flanking 
paired shear zones from the well-developed shear zone samples (compare Figures 3.18D 
and 3.14E, F).  The shear bands in the incipient shear zone sample, therefore, may 
provide an example of the development of C’-type shear bands as a precursor to the 
formation of a new mylonitic fabric at relatively high metamorphic temperatures.   
9.2 STONE CORRAL MYLONITES: LATE CRETACEOUS OR MIOCENE? 
The geochronology and petrography provide ample evidence that the majority of 
the shear zones in the Stone Corral study area formed during a Late Cretaceous event, 
rather than during Miocene metamorphic core complex exhumation as previously 
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interpreted.  Only the scattered, isolated shear zones on the crest of Stone Corral ridge 
and possibly the mylonitic veneers on fractured surfaces in the northern part of the study 
area appear to be related to core complex exhumation.  This conclusion is based on U-Pb, 
petrographic, and EBSD data that indicate the majority of the shear zones yield Late 
Cretaceous syn-mylonitic titanite ages, formed at amphibolite-facies conditions, and 
exhibit a top-to-the-southwest sense of shear.  In contrast, metamorphic core complex 
shear zones in the region yield Miocene ages on the basis of 40Ar/39Ar thermochronology, 
formed at greenschist-facies conditions, and exhibit a top-to-the-northeast sense of shear.   
The results of this study show that the rocks of the Stone Corral study area are the 
product of a more complex history than previously understood, and record at least three 
different episodes of deformation.  These episodes resulted in the development of the 
Late Cretaceous amphibolite facies gneissic metagranite, the Late Cretaceous amphibolite 
facies mylonitic shear zones, and finally, the rare, scattered Miocene greenschist facies 
mylonitic shear zones. 
9.2.1 Ages of Deformation 
9.2.1.1 Late Cretaceous deformation 
The U-Pb data for titanite in the country rocks and shear zone mylonites in the 
northern part of the study area all yielded Late Cretaceous ages of ~68-75 Ma, and are 
interpreted as dating the deformation of the country rock, the deformation of the discrete 
shear zones in the northern part of the study area, and at least some of the deformation of 
the Stone Corral ridge shear zone (see Section 8.3).  The titanite grew during the 
amphibolite facies metamorphism and deformation as shown by its increase in abundance 
within the discrete shear zones (as well as in the more deformed country rock), intimate 
 239 
association with other syn-mylonitic metamorphic minerals, and parallelism to the 
foliation (see section 8.3.2).  
These ages and the high temperature microstructures of these samples (see section 
9.2.2) are consistent with the 40Ar/39Ar thermochronologic work of Richard (1988) and 
Richard et al. (1990).  40Ar/39Ar age dating was conducted on samples from the Brown’s 
Canyon granite (or inclusions of older rock within it), which borders and/or hosts the 
mylonitic shear zones of this study.  The results of the 40Ar/39Ar age dating study indicate 
that the rocks cooled through the hornblende closure temperature at ~63-70 Ma.  As the 
40Ar/39Ar closure temperature for hornblende is ~480-550 °C (Harrison, 1981; 
McDougall and Harrison, 1999), the ages show that rocks in the Stone Corral study area 
were last subjected to amphibolite facies temperatures during the Late Cretaceous 
(Richard, 1988; Richard et al., 1990).   
40Ar/39Ar age dating was also performed on muscovite and biotite in the Brown’s 
Canyon granite west of the study area, and the results show that the rocks cooled through 
the muscovite closure temperature at ~30 Ma and the biotite closure temperature at ~20 
Ma (Richard, 1988; Richard et al., 1990; Richard et al., 1998).  The 40Ar/39Ar closure 
temperature for muscovite is ~350-400 °C (McDougall and Harrison, 1999; Harrison et 
al., 2009) and the closure temperature for biotite is ~300-350 °C (McDougall and 
Harrison, 1999).  The relatively young muscovite age of ~30 Ma was obtained from a 
disturbed spectrum that was interpreted to have been the product of either Early Tertiary 
cooling proceeded by an early Miocene thermal perturbation that resulted in argon loss, 
or the product of slow cooling of the pluton (Richard et al., 1990; Richard et al., 1998).  
40Ar/39Ar dating of muscovite in pegmatites that are associated with the Brown’s Canyon 
granite but are located further west in the range yielded an age of ~51 Ma (Richard, 
1988), although these pegmatites are structurally higher than the rocks of the study area.   
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This muscovite and biotite data indicate that during the commencement of MCC 
unroofing at ~21 Ma, the muscovite 40Ar/39Ar system was closed, whereas the biotite 
40Ar/39Ar system remained open.  In the Harquahala Mountains, however, some MCC 
mylonitization has been interpreted to have initiated slightly prior to this time because 
some mylonites are crosscut by 22.3 Ma dikes, but mylonitization must have also 
continued beyond the timing of dike emplacement because other dikes have been 
deformed (Richard, 1988).  On the basis of the results of this thesis study, however, the 
possibility also exists that the mylonites crosscut by the dikes may have formed during 
the Late Cretaceous.  Regardless, the 40Ar/39Ar ages indicate that MCC mylonitization 
initiated at temperatures between 300 °C and 400 °C, temperatures which are lower than 
indicated by the microstructures and the minerals present in the amphibolite facies 
mylonites that must have formed at temperatures >500 °C.  Thus, this data strongly 
supports the Late Cretaceous age of deformation that is indicated by the U-Pb titanite 
dates and does not support a Miocene MCC-type origin for much of the mylonitization in 
the Stone Corral study area.   
9.2.1.2 Miocene deformation 
Conversely, the 40Ar/39Ar data do support a Miocene MCC-type origin for the 
greenschist facies mylonites of the isolated shear zones in the southern part of the study 
area near the crest of Stone Corral ridge (see section 9.2.2.5).  Richard et al. (1990) 
inferred that the top of this mountain was located only 50-100 m below the detachment 
fault on the basis of a greater degree of chloritic alteration and fracturing.  The character 
and magnitude of this alteration and fracturing is similar to that of rocks in other areas of 
the Harquahala Mountains that are 50-100 m below the exposed detachment fault.  The 
greenschist facies deformation conditions and the top-to-the-northeast sense of shear 
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suggested by the microstructures in the mylonites from the isolated shear zones are 
consistent with an MCC detachment fault related origin.  
9.2.2 Petrographic Evidence for Temperatures of Deformation 
9.2.2.1 Country rock deformation 
The quartz and feldspar in the crudely foliated, gneissic country rocks 
recrystallized predominantly by GBM and subgrain rotation (SGR), respectively, which 
is typical of deformation at temperatures >500 °C (Figures 3.1, 3.5, 3.6; Stipp et al., 
2002; Tullis, 2002).  Myrmekite is extensive in all the country rocks (Figures 3.1A, 3.6A, 
B), and quartz-epidote symplectites are widespread in the country rocks of the northern 
part of the study area (Figures 3.2B-D, 3.3A, B).  Although myrmekite may form as an 
igneous exsolution texture, the development of myrmekite during fluid-present 
deformation at upper greenschist- to amphibolite-facies conditions is well documented 
(Simpson, 1985; Gapais, 1989; Menegon et al. 2006).  Similarly, although epidote-
bearing symplectites may form during mineral reactions within a crystallizing melt 
(Owen, 1991; Zen and Hammarstrom, 1984), the intergrowths are more commonly 
formed during amphibolite facies metamorphism (Liou et al., 1981; Siddiqui and Ahmed, 
2005; Abbot and Draper, 2007; Bisnath et al., 2008) and possibly during upper 
greenschist facies metamorphism (Chalokwu and Kuehner, 1992).  The epidote-bearing 
symplectites in the Stone Corral area are most certainly of metamorphic origin as 
magmatic epidote in massive granites has not been documented (Schmidt and Poli, 2004) 
and experimental results indicate that the stability of magmatic epidote in granite plutons 
requires very high pressures of ≥ 8 kbar (Naney, 1983).  These pressures are significantly 
higher than those experienced by the rocks of the Stone Corral study area.  Additionally, 
the epidote-bearing symplectites of the Stone Corral rocks are closely associated with 
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other metamorphic minerals, including titanite, apatite, biotite, and opaque minerals 
(Figure 3.4A).  The stability of green (in plane polarized light) amphibole may also 
suggest that amphibolite-facies conditions prevailed during country rock deformation, 
although the composition of the amphibole is unknown.  
9.2.2.2 Discrete shear zones and the Stone Corral ridge shear zone 
The mylonites in the discrete shear zones in the northern part of the study area, 
the mylonites in the larger Stone Corral ridge shear zone in the central part of the study 
area, and the protomylonite collected from the northern boundary of the Stone Corral 
ridge shear zone all crosscut and reorient the country rock foliation.  This deformation, 
therefore, must be younger than the country rock deformation.  However, the mylonites 
and protomylonite of these shear zones appear to have formed under similar conditions as 
the country rock deformation because they also exhibit extensive GBM recrystallization 
in quartz and SGR recrystallization in feldspar (Figures 3.7, 3.8, 3.13, 3.22, 3.23).  The 
stability of green (in plane polarized light) amphibole (Figure 3.8C), the extensive 
presence of deformation-induced myrmekite (Figures 3.7A, 3.14, 3.15C, D, 3.19, 3.22B), 
and the growth of quartz-epidote symplectites (Figure 3.3C-F) provide mineralogical 
evidence that amphibolite-facies conditions persisted through mylonitization. 
The discrete shear zone mylonites share the same metamorphic assemblage as the 
country rocks, including epidote, titanite, biotite, opaque minerals, apatite, and garnet 
(Figure 3.4).  The epidote and titanite display different habits than the epidote and titanite 
in the country rock.  Much of the grains are fish-like or sigmoidal in character, exhibit a 
top-to-the-southwest sense of shear, and are significantly finer grained (Figures 3.9; 
8.7C-F).  Metamorphic garnet is present in many of the discrete zones with the central 
epidote vein, bleached halo, and flanking paired shear zones morphology.  This garnet is 
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significantly smaller than much of the garnet in the country rocks, lacks the pink tint 
visible in plane-polarized light of some of the country rock garnet, and is sometimes 
intimately associated with metamorphic titanite (as inclusions or interlocking grains; 
Figure 3.4C, D), epidote (with adjacent faces touching; Figure 3.4D, E), or recrystallized 
biotite (Figure 3.4F).  The greater abundance of the garnet in the discrete shear zones 
implies that it is associated with the metamorphism that caused the bleaching in the 
haloes and the biotite growth in the flanking paired shear zones.  The growth of both 
garnet and biotite during metamorphism also implies that amphibolite-facies conditions 
prevailed (e.g., Mancktelow and Pennacchioni, 2005).   
Although the mylonites in the northern part of the Stone Corral ridge shear zone 
share the same abundant metamorphic minerals as the discrete shear zone mylonites and 
the northern country rock, the mylonites in the central and southern part of the Stone 
Corral ridge shear zone contain only a very minor amount of these minerals, which may 
indicate they underwent less fluid infiltration during deformation. Similarly, the country 
rocks in the southern part of the study area (i.e., south of the Stone Corral ridge shear 
zone) also contain only trace amounts of these minerals and likely experienced less fluid 
flow.  The southern country rocks and the mylonites in the southern and central part of 
the Stone Corral ridge shear zone also are less strained than their northern counterparts.  
The lower degree of strain may have made fluid infiltration more difficult.  
9.2.2.3 Cooling during Late Cretaceous deformation 
The mylonitic samples from the central and southern part (i.e., structurally higher 
part) of the Stone Corral ridge shear zone also display GBM recrystallization of quartz 
and SGR recrystallization of feldspar as is seen in the samples from the northern part 
(i.e., the structurally lower part).  However, these samples also display a greater degree of 
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SGR recrystallization of quartz and BLG recrystallization of feldspar than do the samples 
from the northern part, and therefore, may have been deformed at slightly lower 
temperature conditions.  This difference may suggest uplift or cooling during 
mylonitization.  Alternatively, the samples may be showing a small degree of overprint 
by lower temperature Miocene deformation (see section 9.2.3).  
Some of the discrete shear zone samples in the northern part of the study area 
show some evidence of cooling during deformation from even higher temperatures.  In 
some samples, a small number of quartz grains within the quartz layers are very large (~1 
mm) and display rectangular shapes.  A few of the feldspar porphyroclasts are extremely 
elongate, which suggests they underwent lattice reorientation (Figure 3.17D).  These 
features are characteristic of higher temperatures of deformation, such as those active 
during middle to upper amphibolite-facies conditions, rather than the lower to middle 
amphibolite-facies conditions that otherwise seem to have prevailed during deformation. 
These features may record deformation that initiated at higher temperatures and 
continued during relatively rapid uplift and cooling of the pluton.  40Ar/39Ar 
thermochronology of rocks collected from a traverse across the Harquahala Mountains 
indicates that a significant period of cooling and uplift did occur throughout the range at 
the end of the Late Cretaceous (Richard, 1988).  This period of cooling and uplift was not 
restricted to the Harquahala Mountains, but appears to have occurred regionally 
throughout southeastern California and west-central Arizona as is suggested by extensive 
thermochronology studies and the identification of widespread sedimentary 
unconformities throughout the region (Davis et al., 1982; Howard et al, 1982; John, 1982; 
Reynolds et al., 1986; Anderson, 1988; Foster et al., 1988; Hoisch et al., 1988).  
 245 
9.2.2.4 Late Cretaceous mylonitization outside of the study area  
Although the Late Cretaceous shear zones in the Stone Corral study area are 
focused around the northern boundary of the Stone Corral pluton, Late Cretaceous 
mylonites were also found ~5 km northwest of the study area during reconnaissance 
fieldwork.  A thin section from a mylonite in this area looks nearly identical to the 
amphibolite facies shear zone rocks of the Stone Corral study area.  The sample displays 
GBM recrystallization in quartz, SGR recrystallization in feldspar, and contains the same 
characteristic metamorphic mineral assemblage, including abundant titanite fish that 
indicate a top-to-the-southwest sense of shear.  This minor reconnaissance work implies 
that other mylonites in the MCC that have been interpreted as forming during Miocene 
MCC exhumation may in fact have formed during the Late Cretaceous as well.   
9.2.2.5 Isolated shear zones on the crest of Stone Corral ridge 
In stark contrast to the country rock deformation and to the mylonitic deformation 
in the discrete shear zones and the Stone Corral ridge shear zone, the mylonites in the 
isolated shear zones near the crest of Stone Corral ridge have microstructures that suggest 
lower deformation temperatures typical of greenschist-facies conditions.  The feldspars in 
these samples are much less recrystallized than in the amphibolite facies samples, and the 
dominant feldspar recrystallization mechanism was BLG recrystallization.  Quartz is 
highly strained and highly recrystallized by SGR recrystallization (Figure 3.24).  
Myrmekite is uncommon in these samples.  Where myrmekite is present, it is found 
protected inside large feldspar porphyroclasts rather than present on the rims, which 
suggests it may be preserved from an older event.  These samples also lack the 
metamorphic mineral assemblages of titanite, epidote, biotite, apatite, and garnet.   
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9.2.3 Kinematics 
Field, petrographic, and EBSD analysis observations indicate that the three 
different deformation episodes occurred under different kinematic regimes.  The gneissic 
deformation of the country rocks was likely associated with a minor degree of top-to-the-
northeast shear as suggested by the top-to-the-northeast rotation of the EBSD pole figures 
for the country rock samples (Figure 4.3) and by the presence of quartz grains in thin 
section that are subtly inclined in a top-to-the-northeast direction in some of the quartz 
layers.  Late Cretaceous top-to-the-northeast deformation has also been recognized in the 
gneissic and migmatitic country rock exposed in the nearby Mesquite Mountains, AZ, a 
mountain range that was likely incised from a MCC footwall into the hanging wall of the 
Whipple detachment system (Figure 1.1; Knapp, 1989). 
The timing of the discrete top-to-the-northeast brittle and ductile shear bands that 
crosscut the country rock foliation is more difficult to decipher (Figure 3.2).  The ductile 
shear bands contain the same metamorphic minerals as the country rock, but whether 
these minerals formed before or during shear band development is unclear.  The titanite 
grains in the shear bands yield the same U-Pb age as the grains that parallel the country 
rock foliation; however, the titanite could have simply rotated into parallelism with the 
bands during a later deformation and not been reset.  If the shear bands are Late 
Cretaceous, they may represent antithetic fractures to the top-to-the-southwest mylonites. 
The discrete shear zones of the northern part of the study area were 
unquestionably deformed in a top-to-the-southwest direction on the basis of clear field, 
petrographic, and EBSD analysis evidence (Figures 2.12, 3.7, 3.8, 3.9, 3.13C, D, 3.17-
3.19, 4.3, 8.7D-F).  Similar evidence shows many of the mylonites in the Stone Corral 
ridge shear zone were also deformed in a top-to-the-southwest direction (Figure 4.4). 
However, the sense of shear in some of the other mylonites from this major shear zone is 
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ambiguous, and the a-axis EBSD pole figure for sample B-3, collected from the middle of 
the shear zone, suggests a top-to-the-northeast sense of shear (Figure 4.4).  In thin 
section, both top-to-the-northeast and top-to-the-southwest shear sense indicators are 
present in this sample (Figure 3.21B).  The c-axis pole figure for this sample is defined 
by basal <a>, rhomb <a>, and prism <a> slip, which suggests lower mylonitization 
temperature conditions than are suggested by the thin section (Figures 3.22B, 4.4).  The 
prevalence of GBM recrystallization in quartz and SGR recrystallization in feldspar in the 
thin section implies deformation temperatures ≥500 °C (Stipp et al., 2002; Tullis, 2002).  
This c-axis pole figure for B-3 is also at odds with the pole figure for the other Stone 
Corral ridge shear zone sample, H3, which is dominated by prism <a> slip, also 
indicative of deformation temperatures ≥500 °C (Figure 4.4; Stipp et al., 2002).   
In the thin section of sample B-3, the abundant muscovite grains are aligned 
parallel to the foliation and are also subtly folded or bended parallel to the foliation, 
indicating a later deformation of an earlier formed foliation (Figure 3.21).  This 
petrographic evidence, coupled with the c-axis pole figure which suggests a greater 
amount of basal <a> slip than the pole figure for the other sample, may imply that a 
younger, lower temperature deformation overprinted an older, higher temperature 
mylonitization event.  The abundant large, aligned mica grains in the sample may have 
caused it to be weaker than the other mylonites of the Stone Corral ridge shear zone, and 
therefore made it better able to accommodate strain during a younger period of 
deformation (such as MCC unroofing).  The top-to-the-northeast sense of shear suggested 
by the EBSD <a> axis pole figure, therefore, may not be a record of the shear sense of 
the oldest episode of Stone Corral ridge shear zone deformation.  However, the 
protomylonite sample (SCM-19), which was collected from the northern boundary of the 
Stone Corral ridge shear zone, also displays a clear top-to-the-northeast sense of shear, 
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and therefore the possibility exists that the sense of shear within the Stone Corral ridge 
shear zone was not consistent either across its width or throughout the duration of the 
Late Cretaceous mylonitization episode.  Conversely, the shear zone may have 
accommodated predominantly coaxial strain as suggested by the <a> axis pole figures 
(Figure 4.4), or may be the result of heterogeneous flow in the shear zone, or caused by 
the effect of heterogeneous rheologies within the shear zone. 
The greenschist facies mylonitization event evident in the isolated shear zones 
near the crest of Stone Corral ridge occurred under a top-to-the-northeast kinematic 
regime as is shown by the shear sense indicators in thin section (Figures 3.24A, 4.5) and 
by the EBSD pole figure for sample B-9 (Figure 4.4).  This sense of shear is consistent 
with that of the MCC mylonites in the other metamorphic core complex ranges of the 
lower Colorado River extensional corridor.   
9.3 STRUCTURAL AND TECTONIC SETTING OF THE LATE CRETACEOUS SHEAR ZONES 
The rocks that compose the northeastern Harquahala Mountains were rotated 
during MCC unroofing, which means that the present orientations of the shear zones that 
yielded Late Cretaceous ages (i.e., the discrete shear zones and the Stone Corral ridge 
shear zone) are different than they would have been during their formation.  However, the 
degree of rotation that occurred during MCC unroofing can be estimated.  A suite of 
mafic dikes was intruded into extension fractures in the northeastern and central 
Harquahala Mountains during the early phases of detachment faulting (Richard et al., 
1990), and if the assumption is made that the dikes intruded subvertically, then the Late 
Cretaceous shear zone orientation data can be rotated about the axis that would bring the 
dikes into a vertical orientation.  This rotation would provide an estimate of the 
orientation of the Late Cretaceous shear zones before Miocene MCC exhumation.  If the 
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shear zones did not undergo significant rotation between Late Cretaceous and Miocene 
time, then this estimate may approximate the original orientation of the shear zones 
during their formation.   
Richard et al. (1990) collected 157 measurements of the orientations of the 
Miocene dikes, and calculated a principle eigenvector of distribution for poles to the 
dikes of 24°, 218°.  These data suggest the dikes have been rotated ~24° about an 
azimuth of 308°.  The foliation and lineation data for the discrete shear zones and for the 
Stone Corral ridge shear zone, which are plotted in Figure 2.11A and C, respectively, 
were rotated about this axis using the program Stereonet 7 (Allmendinger et al., 2012).  
The rotation results in southeast dips for both the discrete shear zones and the Stone 
Corral ridge shear zone (Figure 9.1A, C).  The data for the discrete shear zone foliations 
provide an average shear zone dip of 35°, but the individual measurements vary widely 
(Figure 9.1A).  Conversely, the data for the Stone Corral ridge shear zone foliations 
provide a much shallower average shear zone dip of ~15°, but the individual 
measurements also show some spread (Figure 9.1C).  
The lineations measured on the shear zone foliations trend subparallel to the 
strikes of the shear zone foliations for both the discrete shear zones and the Stone Corral 
ridge shear zone (Figure 9.1B, D), suggesting the shear zones accommodated movement 
primarily along strike.  The discrete shear zones may have also accommodated a minor 
amount of normal slip as the mean strike of the shear zone foliations (242°) varies from 
the mean lineation on the foliations by ~15°. The shear sense indicators in the rocks still 
indicate a top-to-the-southwest sense of shear after the rotation.  However, if the shear 
zones were rotated during the uplift and cooling of the Late Cretaceous pluton after 
mylonitization ceased and prior to metamorphic core complex exhumation, this 
restoration would not provide the original orientations of the shear zones.   
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The results of the restoration are, however, consistent with the orientation of other 
Late Cretaceous deformation in the region.  A Late Cretaceous gently dipping to 
subhorizontal shear zone has also been recognized in the Chemehuevi Mountains MCC, 
California, and some evidence suggests that this shear zone extends into the Sacramento 
Mountains MCC and Whipple Mountains MCC as well (John and Mukasa, 1990).  The 
timing of mylonitization in this shear zone has been loosely constrained between ~68-75 
Ma based on U-Pb zircon age dating of mylonitized and undeformed plutonic bodies 
within the Late Cretaceous Chemehuevi Mountains plutonic suite.  Mylonitization 
occurred within the time interval of plutonic emplacement in the Chemehuevi Mountains, 
and this also seems to be the case in the Harquahala Mountains.  Zircon crystallization 
ages of the granitic intrusions in the northeastern Harquahala Mountains provide ages that 
range from ~65 Ma to ~77 Ma (Isachsen et al., 1999; Prior, unpublished data; this study), 
and the U-Pb analyses of synmylonitic titanite in this study yielded ages of ~68-71 Ma, 
meaning mylonitization of some of the older bodies occurred before plutonic intrusion of 
younger bodies in the northeastern part of the range had ceased.  
Other Late Cretaceous shear zones have been recognized in the Harcuvar 
Mountains MCC, which also was affected by extensive Late Cretaceous plutonism 
(Wong et al., 2013), and in the adjacent Little Buckskin Mountains MCC (Figure 1.1; 
Singleton, 2011).  Late Cretaceous or early Tertiary shear zones are present in the Santa 
Catalina MCC as well, and these were also active around the same time as plutonic 
activity in the range (Bykerk-Kauffman, 1990). The widespread occurrence of Late 
Cretaceous mylonitization implies the shearing may have recorded a regional 
deformation event closely related in space and time to plutonic activity. The reactivation 
of these regionally extensive Late Cretaceous shear zones for MCC exhumation may be a 
widespread phenomenon.  Interestingly, the Harquahala Mountains MCC is the only 
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known location where Late Cretaceous mylonitization occurred primarily with a top-to-
the-southwest, rather than a top-to-the-northeast or top-to-the-east, sense of motion. 
Whether the Late Cretaceous deformation is an expression of contractional or 
extensional processes remains elusive (John and Mukasa, 1990; Bykerk-Kauffman, 
1990), but synconvergent extensional deformation during this time period has been 
recognized throughout the region, typically in the form of normal shear zones (Hodges 
and Walker, 1992, and references therein; Boettcher and Mosher, 1998; Wells and 
Hoisch, 2008).  A number of different basic tectonic models have been proposed to 
explain how the middle crust may have accommodated synconvergent extension during 
Late Cretaceous time.  Many of the models involve regional subhorizontal or shallowly 
dipping shear zones. The models include: 1) Gravitationally-driven extension of 
overthickened crust (Wells and Hoisch, 2008); 2) Flat-slab subduction, which may have 
resulted in significant traction between the Farallon plate and the lower crust, leading to 
substantial shearing in the lower and middle crust (Richard, 1988); 3) A midcrustal 
extensional allochthon (i.e., a block of crust, up to 20 km thick, detached from the upper 
and lower crust) may have been extruded westward (Hodges and Walker, 1992); and 4) 
Channel flow of rocks in the middle crust from the Sevier orogenic hinterland may have 
occurred eastward into the Colorado Plateau (McQuarrie and Chase, 2000).  The study of 
the Late Cretaceous deformation exposed in the MCC footwalls, including in the 
Harquahala Mountains, still requires much more work, and therefore the viability of these 
tectonic models cannot yet be meaningfully critiqued in this region 
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9.4 CONCLUSIONS 
Several important basic conclusions may be derived from the data analyses and 
interpretations presented in this study.  These conclusions are a summary of the original 
contributions of this thesis.    
1. The discrete shear zones reactivated antecedent fractures. Flanking paired  
shear zones near the edges of bleached haloes also formed from the 
reactivation of precursor fractures.   
2. The discrete shear zones were infiltrated with fluid during deformation 
that locally caused veins and bleaching. The fluid was igneous or 
metamorphic in origin and may have been sourced from nearby 
crystallizing plutons or from magmatism or prograde metamorphism at 
depth. Hydrolytic weakening of quartz was a significant strain softening 
mechanism that aided in shear zone localization. The degree of fluid-rock 
interaction in the shear zones may have been an important variable in 
morphology development.  The shear zones characterized by central 
epidote veins, bleached haloes, and flanking paired shear zones may have 
developed due to a higher degree of fluid-rock interaction. 
3. The development of the flanking paired shear zones near bleached haloes 
was greatly aided by fluid enhanced reaction softening mechanisms.  The 
oligoclase and myrmekite replacement of potassium feldspar resulted in 
the release of potassium that was subsequently utilized in biotite growth in 
the flanking paired shear zones.  The abundant metamorphic biotite in the 
flanking paired shear zones deformed readily and concentrated 
deformation.  Myrmekite and oligoclase replacement products 
recrystallized readily, resulting in significant grain size reduction.  These 
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processes also operated to a lesser degree in the discrete shear zones not 
affected by the central vein, bleached halo, and flanking paired shear 
zones morphology.   
4. Many of the mylonites in the Harquahala MCC are of Late Cretaceous 
age, not of Miocene age as previously interpreted. The discrete shear 
zones in the northern part of the study area and the Stone Corral ridge 
shear zone formed around ~68-71 Ma during cooling of the Late 
Cretaceous (~75.5 Ma) Brown’s Canyon granite.   
5. Late Cretaceous shear zones look very similar to Miocene shear zones in 
the field.  The shear zones share similar foliation orientations and 
stretching lineation orientations.  They can be distinguished in thin section 
based on mineralogy and microstructures.  The Late Cretaceous mylonites 
contain abundant myrmekite, and many contain metamorphic epidote, 
titanite, garnet, biotite, and apatite.  These shear zones formed at 
amphibolite-facies conditions and display top-to-the-southwest or 
ambiguous senses of shear, whereas the Miocene shear zones formed at 





Figure 9.1: Stereograms and rose diagrams of Late Cretaceous structural features in 
mylonitized rocks after restoration to their positions before MCC 
exhumation.  The structural data displayed in Figure 2.11A, C were rotated 
24° about a horizontal axis with an azimuth of 308°.  A, C) Stereograms 
show the shear zones are gently southeast dipping and lineations are gently 
northeast and southwest plunging.  B, D) Rose diagrams show that lineation 











Appendix A: FTIR Peaks 
   
Figure A.1: FTIR point spectra collected from the interiors of individual quartz grains in 
the country rock sample, HQ-D. Absorbances have not been normalized for 




Figure A.1: (continued from previous page). 
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Figure A.2: FTIR point spectra collected from the interiors of individual quartz grains in 
the country rock sample, B-4. Absorbances have not been normalized for 
sample point thicknesses (continued on next page). 
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Figure A.3: FTIR point spectra collected from the interiors of individual quartz grains in 
the country rock sample, SCM-17b. Absorbances have not been normalized 
for sample point thicknesses (continued on next page). 
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Figure A.4: FTIR point spectra collected from the interiors of individual quartz grains in 
the country rock sample, SCM-6. Absorbances have not been normalized for 
sample point thicknesses (continued on next page). 
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Figure A.5: FTIR point spectra collected from the interiors of individual quartz grains in 
the discrete shear zone mylonite sample, SCM-17. Absorbances have not 
been normalized for sample point thicknesses (continued on next page). 
 263 
 
Figure A.5: (continued from previous page). 
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Figure A.5: (continued from previous page). 
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Figure A.5: (continued from previous page). 
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Figure A.6: FTIR point spectra collected from the interiors of individual quartz grains in 
the discrete shear zone mylonite sample, H1. Absorbances have not been 
normalized for sample point thicknesses (continued on next page). 
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Figure A.6: (continued from previous page). 
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Figure A.7: FTIR point spectra collected from the interiors of individual quartz grains in 
the discrete shear zone mylonite sample, SCM-51. Absorbances have not 
been normalized for sample point thicknesses (continued on next page). 
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Figure A.7: (continued from previous page). 
 271 
 





Figure A.8: FTIR point spectra collected from the interiors of individual quartz grains in 
the discrete shear zone mylonite sample, HQ-C. Absorbances have not been 
normalized for sample point thicknesses. The spectrum for Point 16 is 
missing (continued on next page). 
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Figure A.8: (continued from previous page). 
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Figure A.8: (continued from previous page). 
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Figure A.9: FTIR point spectra collected from the interiors of individual quartz grains in 
the Stone Corral ridge shear zone sample, H3. Absorbances have not been 
normalized for sample point thicknesses (continued on next page). 
Stone Corral ridge shear zone sample H3 
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Figure A.9: (continued from previous page). 
Stone Corral ridge shear zone sample H3, continued 
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Figure A.10: FTIR point spectra collected from the interiors of individual quartz grains 
in the Stone Corral ridge shear zone sample, B-3.  Absorbances have not 
been normalized for sample point thicknesses (continued on next page). 
Stone Corral ridge shear zone sample H3, continued 
Stone Corral ridge shear zone sample B-3 
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Figure A.10: (continued from previous page). 
Stone Corral ridge shear zone sample B-3, continued 
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Figure A.11: FTIR point spectra collected from the interiors of individual quartz grains 
in the isolated shear zone sample, B-5.  Absorbances have not been 
normalized for sample point thicknesses (continued on next page). 
Stone Corral ridge shear zone sample B-3, continued 
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Figure A.12: FTIR point spectra collected from the interiors of individual quartz grains 
in the isolated shear zone sample, B-9.  Absorbances have not been 
normalized for sample point thicknesses (continued on next page). 
 280 
 
Figure A.12: (continued from previous page). 
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Appendix B: Oxygen Stable Isotope Geothermometry 
Quartz-feldspar geothermometry was performed on two samples from discrete 
shear zones that exhibited bleaching (samples SCM-51 and HQ-B), and quartz-epidote 
geothermometry was also performed on sample SCM-51, in an effort to obtain an 
estimate of the temperature of discrete shear zone mylonitization.   
B.1 METHODS 
The methods used for stable isotope analysis are described in detail in Chapter 7 
(see also Table B.1 for a data summary).  Quartz-feldspar geothermometry was 
performed using the data from two of the discrete shear zone samples that displayed 
bleaching (HQ-B and SCM-51), and quartz-epidote geothermometry was performed 
using the data from the sample with the central epidote vein (SCM-51).  The calibrations 
of Chiba et al. (1989) and Matthews (1994) were used, and calculations followed the 
form: 1000 ln α = A x 106T-2, where 1000 ln α (mineral 1, mineral 2) ≈ Δ18Omin 1 – min 2  ≈ 
δ18Omineral 1 – δ18Omineral 2, and where A is the fractionation coefficient.  The fractionation 
coefficient is dependent on the composition of the feldspar for the quartz-feldspar 
geothermometer (see Chacko et al., 2001 for a review), and on the composition of the 
epidote for the quartz-epidote geothermometer (Matthews, 1994).  For the quartz-feldspar 
geothermometer, the coefficient for quartz-albite and quartz-potassium feldspar is 0.94 
whereas the coefficient for quartz-anorthite is 1.99.  For compositions intermediate to the 
albite and anorthite end members, the fractionation coefficient is determined by the 
formula Aquartz-plagioclase = Aquartz-albite + 1.05XAn, where XAn is the anorthite component of 
the plagioclase (Matthews, 1994).  For the quartz-epidote geothermometer, the 
fractionation coefficient for quartz-zoisite is 2.00.  For epidote with a pistacite 
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component, the coefficient is determined by the formula Aquartz-epidote = Aquartz-zoisite + 
0.75Xps, where Xps is the mole fraction of pistacite (Matthews, 1994).   
The anorthite and pistacite contents were estimated from the semi-quantitative 
EDS data collected from feldspar and epidote, respectively, in sample SCM-51 (see 
Chapter 5).  Because both potassium and plagioclase feldspar were included in the 
feldspar separates that were analyzed for oxygen isotope compositions, the quartz-
feldspar geothermometry was performed using anorthite contents between 0% (for 
potassium feldspar) and 20% (for the plagioclase feldspar).  The quartz epidote-
geothermometry was performed using pistacite contents of 18-26%.  These contents were 
calculated with the assumption that all of the iron in the epidote that was analyzed by 
EDS is Fe3+, which is a reasonable assumption since Fe2+ tends to be extremely low in 
most epidote minerals (Franz and Liebscher, 2004).  
B.2 RESULTS 
The quartz-feldspar geothermometer, which was used on samples from two shear 
zones affected by bleaching, yielded temperatures of ~400-475 °C for sample HQ-B 
(without vein) and ~400-465 °C for sample SCM-51 (with vein; Table B.1).  The quartz-
epidote geothermometer yielded a temperature of ~440-450 °C for sample SCM-51 (with 
vein), which is within the range of the quartz-feldspar temperature estimates.  These 
temperatures are typical of greenschist-facies conditions.  
B.3 DISCUSSION 
At high temperatures (>600 °C), the oxygen diffusion coefficients of quartz and 
feldspar are within an order of magnitude of each other, whereas at lower temperatures, 
the diffusion coefficients deviate, and the oxygen in quartz diffuses at a much slower rate 
than in feldspar (Giletti and Yund, 1984).  This difference in exchange rate causes a 
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difference in the oxygen isotopic closure temperatures of the two minerals.  The exact 
closure temperatures for the minerals will differ for different rocks in different settings, 
and will depend on a number of factors, including cooling rates, grain sizes, the presence 
of fluids, deformation and recrystallization experiences, water fugacity, and mineral 
modes (Valley, 2001).  In general, a slower cooling rate, smaller grain size, deformation, 
and recrystallization all tend to result in lower closure temperatures.   
Many different factors determine the oxygen isotope values of minerals, and make 
the correlation of oxygen isotope fractionation temperatures to deformation events 
challenging.  Three main conditions must be met for deformation temperatures to be 
recorded in the isotope fractionation record of mineral pairs (O’Hara et al., 1997): 1) the 
deformation temperature must not be higher than the closure temperature of the system 
(otherwise exchange will occur until the rocks cool below the closure temperature); 2) the 
deformation must result in isotopic re-equilibration; and 3) the system cannot experience 
further isotopic disruption after deformation has ceased.  
Determining if the first condition above has been met is difficult.  The mechanical 
and chemical processes that operate during mylonitization, such as fracturing, 
recrystallization, and neocrystallization, tend to result in smaller grain sizes of both 
quartz and feldspar.  As grain size gets smaller, the closure temperatures for the minerals 
will lower (Dodson, 1973).  If the deformation occurs at a temperature above the closure 
temperatures of the minerals in the rock, then the temperature of the mylonitic system 
will be the temperature at which the second to last mineral to close is reached (O’Hara et 
al., 1997).  If the rock is mica-rich, then the feldspar and mica would continue to 
exchange after quartz had closed.  Exchange would stop only after either mica or feldspar 
closed, whichever occurred first.  If, on the other hand, the granite is mica-poor and 
feldspar- and quartz-rich, then the feldspar could only undergo limited exchange with the 
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mica and the quartz-feldspar thermometer would produce the closure temperature of the 
quartz.   
O’Hara et al. (1997) calculated closure temperatures for feldspar, mica, and quartz 
with grain sizes on the scale of tens of microns to thousands of microns using Dodson’s 
(1973) closure temperature model.  The finest grained feldspars (30 μm radii) closed at 
~145 °C, and the coarsest grained feldspars (5000 μm radii) closed at ~330 °C.   The 
micas (50-100 μm radii) closed at ~220-260 °C.  Fine grained quartz (15 μm radii) closed 
at ~360 °C, whereas coarser grained quartz (500 μm radii) closed at ~470 °C.  In the 
Harquahala study area, both the quartz and the feldspar grains in the bleached portion of 
the discrete shear zone sample SCM-51 are similar in size to the coarser grains in the 
O’Hara et al. (1997) study and therefore should have similar closure temperatures.   
The quartz and feldspar grains picked from sample SCM-51 for isotope analysis 
were picked from the mica-poor bleached zone, so the temperature calculated (400-465 
°C) may well be the closure temperature of quartz in the sample.  If deformation occurred 
at a temperature above the quartz closure temperature, as suggested by the mineralogy 
and microstructures (see Chapter 3), then it would not be the temperature preserved in the 
mineral pair isotope values.  If the deformation occurred at a temperature similar to or 
below the quartz closure temperature, then the calculated temperature would give the 
temperature of deformation. 
The other sample analyzed from a discrete shear zone that was also affected by 
bleaching (HQ-B) provided a similar temperature (400-475 °C) as sample SCM-51.  
However, this sample was comprised of a significant amount of biotite, so it is unusual 
the system did not record a lower temperature because the feldspar and biotite should 
have continued to exchange.  Some of the biotite was coarser grained than that analyzed 
by O’Hara et al. (1997), which would result in a higher closure temperature, but perhaps 
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a better explanation is that the sample was not at isotopic equilibrium.  Isotopic 
homogenization of a system is only achieved if extensive neocrystallization or 
recrystallization occurs during deformation to produce strain-free grains.  In the analyzed 
portions of samples SCM-51 and HQ-B, many of the feldspar grains are fractured and 
display undulatory extinction, and many are only partially replaced by myrmekite and 
non-symplectic oligoclase.  Many of the quartz grains also display undulatory extinction 
and some grains exhibit evidence for lattice reorientation as they appear to have been 
deformed into elongate ribbon grains.  Some grains also exhibit minor subgrain 
development, but not extensive SGR recrystallization.  These features indicate the quartz 
is strained, and although some recovery has occurred, it is not extensive.  Both quartz and 
feldspar grains in the samples, therefore, are likely not isotopically homogeneous and 
therefore should not be expected to produce reliable geothermometry results.   
The third condition that the isotopic system is not disrupted again after the 
cessation of deformation appears to be met.  If the Harquahala Mountain shear zones are 
related to MCC deformation, they have not undergone further deformation.  If they are 
Late Cretaceous in age, then they would have been subsequently uplifted and exposed 
during Miocene MCC unroofing.  However, evidence of further deformation that would 
have affected the isotopic compositions is lacking.  
In summary, the temperatures calculated by the oxygen isotope geothermometers 
would only represent the deformation temperature of the mylonites if the deformation 
occurred near or below the closure temperature for quartz, and if the system was 
isotopically re-equilibrated during deformation, both of which appear unlikely for these 
rocks.  Alternatively, the temperatures may represent the closure temperature for quartz, 
in which case the temperatures may be viewed as a minimum estimate of a deformation 
temperature (O’Hara et al., 1997).  The three temperatures provided by the isotope 
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thermometers for the study area samples are strikingly consistent, which may indicate 
they are meaningful, but the strained condition of the minerals suggests the system may 
not have re-equilibrated.  Regardless, the temperatures yielded by the geothermometers 






Table B.1: Summary table of oxygen isotope data and geothermometry results.  Quartz-
feldspar geothermometry was performed using anorthite contents of 0% and 
20%. Quartz-epidote geothermometry was performed using pistacite 
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